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SUMMARY 
Acidophilic iron oxidizing bacteria of the betaproteobacterial genus “Ferrovum” are 
ubiquitously distributed in acid mine drainage (AMD) habitats worldwide. Since their isolation 
and maintenance in the laboratory has proved to be extremely difficult, members of this genus 
are not accessible to a “classical” microbiological characterization with exception of the 
designated type strain “Ferrovum myxofaciens” P3G.  
The present study reports the characterization of “Ferrovum” strains at genome and 
transcriptome level. “Ferrovum” sp. JA12, “Ferrovum” sp. PN-J185 and “F. myxofaciens” Z-31 
represent the iron oxidizers of the mixed cultures JA12, PN-J185 and Z-31. The mixed cultures 
were derived from the mine water treatment plant Tzschelln close to the lignite mining site in 
Nochten (Lusatia, Germany). The mixed cultures also contain a heterotrophic strain of the 
genus Acidiphilium. The genome analysis of Acidiphilium sp. JA12-A1, the heterotrophic 
contamination of the mixed culture JA12, indicates an interspecies carbon and phosphate 
transfer between Acidiphilium and “Ferrovum” in the mixed culture, and possibly also in their 
natural habitat. The comparison of the inferred metabolic potentials of four “Ferrovum” strains 
and the analysis of their phylogenetic relationships suggest the existence of two subgroups 
within the genus “Ferrovum” (i.e. the operational taxonomic units OTU-1 and OUT-2) harboring 
characteristic metabolic profiles. OTU-1 includes the “F. myxofaciens” strains P3G and Z-31, 
which are predicted to be motile and diazotrophic, and to have a higher acid tolerance than 
OTU-2. The latter includes two closely related proposed species represented by the strains 
JA12 and PN-J185, which appear to lack the abilities of motility, chemotaxis and molecular 
nitrogen fixation. Instead, both OTU-2 strains harbor the potential to use urea as alternative 
nitrogen source to ammonium, and even nitrate in case of the JA12-like species. The analysis 
of the genome architectures of the four “Ferrovum” strains suggests that horizontal gene 
transfer and loss of metabolic genes, accompanied by genome reduction, have contributed to 
the evolution of the OTUs.  
A trial transcriptome study of “Ferrovum” sp. JA12 supports the ferrous iron oxidation 
model inferred from its genome sequence, and reveals the potential relevance of several 
hypothetical proteins in ferrous iron oxidation. Although the inferred models in “Ferrovum” spp. 
share common features with the acidophilic iron oxidizers of the Acidithiobacillia, it appears to 
be more similar to the neutrophilic iron oxidizers Mariprofundus ferrooxydans 
(“Zetaproteobacteria”) and Sideroxydans lithotrophicus (Betaproteobacteria). These findings 
suggest a common origin of ferrous iron oxidation in the Beta- and “Zetaproteobacteria”, while 
the acidophilic lifestyle of “Ferrovum” spp. may have been acquired later, allowing them to also 
colonize acid mine drainage habitats. 
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Iron oxidizing bacteria in acid mine drainage habitats 
Origin and microbiology of acid mine drainage 
Acidic mine effluents, such as acid mine drainage (AMD) and acid rock drainage (ARD), 
represent a severe environmental disturbance associated with mining of metal ores, coal and 
lignite (Johnson and Hallberg, 2003; Haferburg and Kothe, 2007; Klein et al., 2013). They are 
environmentally harmful due to their acidic pH and due to their elevated contents of sulfate and 
(heavy) metal ions (Johnson, 2003). 
AMD is generated by oxidative dissolution of metal sulfides of the ore body or the coal 
seam (Banks et al., 1997; Johnson and Hallberg, 2003; Johnson, 2003). Due to mining 
activities the metal sulfide, predominantly pyrite (FeS2), is exposed to water and oxygen. 
Spontaneous oxidation of the sulfide moiety either by oxygen (1) or by ferric iron (2) leads to 
the liberation of ferrous iron and protons, and to the production of sulfuric acid. While ferrous 
iron is rapidly oxidized by oxygen at neutral pH, it is relatively stable at acidic pH (< 4; Ilbert 
and Bonnefoy, 2013). Thus, the increasing acidification of the mine water provides an 
ecological niche for acidophilic microorganisms (Johnson and Hallberg, 2003). When the pH 
has decreased to values below 4, dissolution of the metal sulfide is further accelerated by 
microbial ferrous iron oxidation resulting in the regeneration of the oxidant ferric iron (3). Other 
processes that additionally contribute to the acidification are the microbial oxidation of reduced 
inorganic sulfur compounds (RISCs), such as thiosulfate (4), a by-product of pyrite oxidation, 
and the precipitation of ferric iron hydroxides (5).  
2 𝐹𝑒𝑆2 + 2 𝐻2𝑂 + 7 𝑂2  →  2 𝐹𝑒
2+ + 4 𝑆𝑂4
2− + 4 𝐻+    (1) (Banks et al., 1997) 
𝐹𝑒𝑆2 + 6 𝐹𝑒
3+ + 3 𝐻2𝑂 →  7 𝐹𝑒
2+ + 𝑆2𝑂3
2− 6 𝐻+    (2) (Johnson and Hallberg, 2003) 
4 𝐹𝑒2+ +  𝑂2 + 4 𝐻
+  →  4 𝐹𝑒3+ +  2 𝐻2𝑂    (3) (Banks et al., 1997) 
𝑆2𝑂3
2− + 2 𝑂2 +  𝐻2𝑂 →  2  𝑆𝑂4
2− + 2 𝐻+    (4) (Johnson and Hallberg, 2003) 
𝐹𝑒3+ +  3 𝐻2𝑂 →  𝐹𝑒(𝑂𝐻)3 + 3 𝐻
+    (5) (Johnson and Hallberg, 2003) 
However, AMD may also form naturally in environments either close to volcanos or rich 
in sulfur compounds (Amils et al., 2014). An example for the latter is the Rio Tinto in Spain 
originating from the subsurface of the Iberian Pyrite Belt, where groundwater has initiated the 
microbially catalyzed pyrite oxidation (Amils et al., 2014; Fernández-Remolar et al., 2005).  
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Despite the extreme conditions, acidophilic iron and sulfur oxidizers, iron reducers and 
heterotrophs thrive in AMD habitats (Méndez-García et al., 2015). Although there are common 
members in many AMD habitats, the complexity of the microbial diversity in AMD communities 
varies. While the Rio Tinto is characterized by a high variety of bacteria, archaea and even 
fungi, algae and plants (Gonzalez-Toril et al., 2003; Gonzalez-Toril et al., 2011), the Richmond 
mine (California, US) was reported to be mainly dominated by Leptospirillum and Ferroplasma 
species (Tyson et al., 2004; Tyson et al., 2005; Goltsman et al., 2015).  
The acidophiles often occurring in AMD habitats belong to the Proteobacteria, 
Nitrospirae and to the archaeal order Thermoplasmatales, though the actual diversity includes 
far more taxonomic groups (Méndez-García et al., 2015; Johnson and Hallberg, 2003). Among 
them, the most prominent acidophilic iron and sulfur oxidizers are Acidithiobacillus 
ferrooxidans (Kelly and Wood, 2000) and Acidithiobacillus ferrivorans (Hallberg et al., 2010) 
which also served as model organisms to elucidate the electron transfer processes involved in 
the ferrous iron oxidation (e.g. Appia-Ayme et al., 1999; Quatrini et al., 2006; Amouric et al., 
2011) and in the oxidation of RISCs (e.g. Quatrini et al., 2009; Valdés et al., 2008; Osorio et 
al., 2013). The genus Acidithiobacillus has recently been reassigned to the novel class 
Acidithiobacillia within the Proteobacteria (Williams and Kelly, 2013). Other acidophiles use 
only ferrous iron as their sole electron donor including Leptospirillum spp. (Nitrospira; Hippe, 
2000; Tyson et al., 2005; Coram and Rawlings, 2002; Goltsman et al., 2013) and Ferroplasma 
spp. (Thermoplasmata; Golyshina et al., 2000; Dopson et al., 2004). Again other acidophiles 
use RISCs as sole electron donor, such as Acidithiobacillus caldus (Hallberg and Lindström, 
1994), Acidithiobacillus thiooxidans (Waksman and Joffe, 1922; Kelly and Wood, 2000) and 
Sulfolobus spp. (Thermoprotei; Brock et al., 1972). Some members of the community reduce 
ferric iron including A. ferrooxidans (Osorio et al., 2013) and heterotrophic acidophiles of the 
genus Acidiphilium (Alphaproteobacteria; Harrison, 1981; Johnson and Bridge, 2002). 
Depending on their physiological properties, members of the AMD community contribute to the 
iron, sulfur, carbon and nitrogen cycles in the habitats as has recently been reviewed by 
Méndez-García et al. (2015). 
Acidophilic iron oxidizing bacteria of the genus “Ferrovum” 
A decade ago, an acidophilic iron oxidizing betaproteobacterium, which had not been 
cultured or classified before, has been identified in macroscopic streamers in the effluent of 
the abandoned copper mine Mynydd Parys (Wales, Hallberg et al., 2006). Analysis of its partial 
16S rRNA gene sequence has revealed a match to a clone derived from the Richmond mine 
(California, US; Bond et al., 2000), while the most closely related cultivated bacteria have been 
found to be ammonium oxidizing bacteria within the Nitrosomonadales. The novel autotrophic 
iron oxidizing bacterium has been isolated from the streamers (Hallberg et al., 2006) and later 
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it has been termed “Ferrovum myxofaciens” PSTR (Rowe and Johnson, 2008; Kimura et al., 
2011). 
During the following years related strains to “F. myxofaciens” have been identified at 
mining sites worldwide (e.g. Heinzel et al., 2009a; Kimura et al., 2011; Gonzalez-Toril et al., 
2011; Brown et al., 2011; Santofimia et al., 2013; Fabisch et al., 2013; Jones et al., 2015; Kay 
et al., 2014; Hua et al., 2015). The geobiochemical properties of these habitats vary with 
respect to pH, content of ferrous iron and other (heavy) metals, and the dissolved oxygen 
concentration. Apparently, “F. myxofaciens”-related bacteria occur in AMD with pH values 
ranging from 2.4 (Hallberg et al., 2006) to 4.0 (Fabisch et al., 2013), with oxygen concentrations 
ranging from 0.1 mg/l to 5.8 mg/l (Santofimia et al., 2013) and with ferrous iron concentrations 
between 14 mg/l (Hallberg et al., 2006) and 500 mg/l (Heinzel et al., 2009a). Furthermore, 
some of these habitats contained further metals, such as copper and zinc (Hallberg et al., 
2006; Fabisch et al., 2013), manganese (Hallberg et al., 2006), cadmium (Fabisch et al., 2013), 
cobalt (Santofimia et al., 2013), or arsenic (Gonzalez-Toril et al., 2011). 
The potential application of “Ferrovum” strains for biotechnological mining and 
remediation purposes has been investigated in several studies. “F. myxofaciens” PSTR 
produced ferric iron-rich solutions, applicable for indirect bioleaching purposes, in a continuous 
flow reactor system (Rowe and Johnson, 2008). “F. myxofaciens” P3G has been shown to 
remove ferrous iron from extremely acidic mine waters at the laboratory scale (Hedrich and 
Johnson, 2012). Analysis of the microbial community of the mine water treatment plant 
Tzschelln at the lignite mining site in Nochten (Lusatia, Germany) has revealed that “F. 
myxofaciens”-related iron oxidizers mainly contribute to the reduction of the ferrous iron load 
during the remediation process (Heinzel et al., 2009a; Heinzel et al., 2009b). In a field study in 
Cwm Rheidol (Wales) a naturally occurring “F. myxofaciens”-containing community has been 
found to support the iron removal from the mine effluent in a passive remediation process 
(Florence et al., 2015) 
Despite the ubiquitous distribution of “Ferrovum” spp. in AMD habitats and their 
promising potential for biotechnological applications, isolation and maintenance of “Ferrovum” 
strains in the laboratory has proved to be demanding. Most cultures derived from AMD habitats 
have been found to be contaminated with heterotrophs of the genus Acidiphilium (Tischler et 
al., 2013; Johnson et al., 2014). Two previously isolated strains, “F. myxofaciens” PSTR 
(Hallberg et al., 2006; Rowe and Johnson, 2008) and “F. myxofaciens” EHS6, derived from the 
mine water treatment plant Tzschelln (Hedrich et al., 2011a), were lost before being 
characterized (personal communication). So far the designated type strain “F. myxofaciens” 
P3G represents the only strain accessible for a “classical” physiological characterization 
(Johnson et al., 2014). This strain has been characterized as an extremely acidophilic iron 
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oxidizer using ferrous iron as the sole electron donor and oxygen as the sole electron acceptor. 
It grows autotrophically unable to use any tested organic carbon source. Its most prominent 
phenotypic feature is the formation of streamers, which has also been reported for the “F. 
myxofaciens” strains PSTR (Rowe and Johnson, 2008; Kimura et al., 2011) and EHS6 
(Hedrich et al., 2011a), due to the generation of massive amounts of extracellular polymeric 
substances.  
Based on its partial 16S rRNA gene sequence, “F. myxofaciens” P3G has been affiliated 
to the novel proposed genus “Ferrovum” within the Betaproteobacteria (Johnson et al., 2014). 
The partial 16S rRNA gene sequences of “F. myxofaciens” P3G and related clone sequences 
have been reported to form a monophyletic group. Furthermore, “F. myxofaciens” P3G has 
been described to share only 93 % sequence identity of the 16S rRNA gene with that of its 
closest cultivated relatives, which belong to the Nitrosomonadales. Hence, the genus 
“Ferrovum” has been proposed to represent a novel genus within the Betaproteobacteria. 
However, due to the isolation obstacles and the lack of further pure cultures, the 
knowledge of the phylogenetic and metabolic diversity of these iron oxidizing bacteria has been 
extremely scarce.  
Application of omics-based approaches to characterize acidophiles 
The use of genomics, transcriptomics and proteomics approaches appears to be 
extremely promising to address this lacuna since these techniques have been successfully 
applied for members of AMD communities for years and they can also be applied for mixed-
cultures and uncultivated organisms in environmental samples.  
Genomics and metagenomics approaches have revealed the metabolic potential of 
Leptospirillum ferrodiazotrophum and Ferroplasma acidarmanus (Tyson et al., 2004), A. 
ferrooxidans (Valdés et al., 2008) and other acidophiles (Cárdenas et al., 2010). The 
availability of genome sequences allows phylogenetic analyses and taxonomic assignment 
based on the use of a higher number of phylogenetic markers (Ciccarelli et al., 2006), or based 
on the determination of phylogenetic indicators, such as nucleotide composition patterns and 
average nucleotide identity (Richter and Rosselló-Móra, 2009). Comparative genome analyses 
furthermore have provided insights into the genome evolution of F. acidarmanus (Allen et al., 
2007), Leptospirillum spp. (Tyson and Banfield, 2008), A. caldus (Acuña et al., 2013) and A. 
ferrivorans (González et al., 2014) and the functional networks of AMD communities (Tyson et 
al., 2004, Méndez-García et al., 2015). 
In extend to the prediction of metabolic potentials and pathway models from genome 
analyses, transcriptomics allows to test the inferred hypotheses and to identify regulatory 
mechanisms. Transcriptome studies of A. ferrooxidans (Quatrini et al., 2006) and 
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Leptospirillum group IV species (Goltsman et al., 2013) have not only supported the proposed 
models of their ferrous iron oxidation pathways, but they have also indicated the relevance of 
further genes and their products. Furthermore, metatranscriptome studies have shed new light 
on the active metabolic functions in AMD communities (Parro et al., 2007; Moreno-Paz et al., 
2010; Chen et al., 2015). 
Aims of the present work 
The presented study aims (i) at the characterization of the metabolic potential of three 
“Ferrovum” strains focusing on their nutrient assimilation pathways, energy metabolism and 
strategies to cope with the acidic pH, based on the analyses of their genome sequences, (ii) 
at the comparison of their predicted metabolic potentials to each other and to other acidophilic 
and neutrophilic iron oxidizers in order to identify characteristic features of the genus 
“Ferrovum”, and (iii) at the identification of gene candidates potentially involved in the adaption 
to changes of the cultivation conditions (e.g. ferrous iron concentration, pH) at the 
transcriptome level. 
The results of this study are presented in Chapters II to V. Chapters II and III have been 
published in scientific journals and Chapter IV has recently been submitted for publication. The 
three “Ferrovum”-containing mixed cultures JA12, PN-J185 (Tischler et al., 2013) and Z-31 
(Vogel, unpublished) from the in-house culture collection were used for the presented study. 
All cultures have been derived from water samples of the mine water treatment plant Tzschelln, 
and they have been found to contain an iron oxidizing strain related to “F. myxofaciens” and 
an Acidiphilium strain (Tischler et al., 2013; Vogel, unpublished).  
Chapter II reports the isolation and genome sequencing of Acidiphilium sp. JA12-A1, 
which is the contaminating Acidiphilium strain of the mixed culture JA12. The genome 
sequence of Acidiphilium sp. JA12-A1 was analyzed in order to infer potential interactions to 
the iron oxidizing “Ferrovum” strain that may explain their tenacious association in the mixed 
culture JA12 and the difficulty in obtaining pure culture of “Ferrovum” strains.  
In Chapter III the sequencing, genome assembly and genome analysis of “Ferrovum” 
sp. JA12 of the mixed-culture JA12 is described. The availability of the genome sequence of 
the contaminating Acidiphilium sp. JA12-A1 allowed the successful assembly of the first almost 
complete “Ferrovum” genome. The genome analysis provided comprehensive insights into its 
nutrient assimilation pathways and in potential strategies to cope with the chemical constraints 
of the AMD habitat (i.e. acidic pH, high metal contents, potential oxidative stress).  
The predicted metabolic potential of “Ferrovum” sp. JA12 provided the framework for a 
comparative genome study involving four “Ferrovum” strains. In Chapter IV the genome 
sequencing of the “Ferrovum” strains PN-J185 and Z-31 is reported. Their genome sequences 
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were compared to those of “Ferrovum” sp. JA12 and the type strain “F. myxofaciens” P3G in 
order to elucidate their phylogenetic and metabolic diversity. Their genome syntenies were 
compared with respect to potential mechanisms driving genome evolution and speciation 
among the strains.  
An experimental set-up involving a multiple bioreactor system was designed in order to 
conduct genome-wide transcriptome studies of “Ferrovum” spp.. Chapter V presents the 
results of a trial transcriptome study of “Ferrovum” sp. JA12 to evaluate the suitability of the 
established experimental set-up. The gene expression patterns of cells exposed to different 
ferrous iron concentration were compared.  
Chapter VI integrates the novel insights gained from the presented study into existing 
concepts of microbial ferrous iron oxidation, evolution of iron oxidizing bacteria and microbial 
networks in acid mine drainage habitats. Finally, perspectives for future studies are presented. 
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Abstract 
The tenacious association between strains of the heterotrophic alphaproteobacterial 
genus Acidiphilium and chemolithotrophic iron oxidizing bacteria has long been known. In this 
context the genome of the heterotroph Acidiphilium sp. JA12-A1, an isolate from an iron 
oxidizing mixed culture derived from a pilot plant for bioremediation of acid mine drainage, was 
determined with the aim to reveal metabolic properties that are fundamental for the synthrophic 
interaction between Acidiphilium sp. JA12-A1 and the co-occurring chemolithoautotrophic iron 
oxidizer. The genome sequence consists of 4.18 Mbp on 297 contigs and harbors 4015 
protein-coding genes and 50 RNA genes. Additionally, the molecular and functional 
organization of the Acidiphilium sp. JA12-A1 draft genome was compared to those of the close 
relatives Acidiphilium cryptum JF-5, Acidiphilium multivorum AIU301 and Acidiphilium sp. PM 
DSM 24941. The comparative genome analysis underlines the close relationship between 
these strains and the highly similar metabolic potential supports the idea that other Acidiphilium 
strains play a similar role in various acid mine drainage communities. Nevertheless, in contrast 
to other closely related strains Acidiphilium sp. JA12-A1 may be able to take up phosphonates 
as an additional source of phosphor. 
Introduction 
Strains of the alphaproteobacterial genus Acidiphilium have first been isolated from 
supposed pure cultures of iron oxidizing bacteria such as Acidithiobacillus ferrooxidans 
(Harrison et al., 1980). Later on, Acidiphilium spp. have also been identified as characteristic 
members of the microbial communities in acid mine drainage and mining associated water 
bodies (Harrison, 1981; Johnson et al., 2001; Johnson and Hallberg, 2003; Heinzel et al., 
2009a). Although the physiological role of these heterotrophic acidophiles within the microbial 
community has not yet been completely elucidated, the tenacious association between them 
and the chemolithoautotrophic iron oxidizers has often been reported to be problematic for the 
isolation of the iron oxidizing bacteria (Harrison et al., 1980; Johnson and Kelso, 1983; Johnson 
et al., 2014). Several attempts have been undertaken to investigate the interaction between 
the iron oxidizing bacterium Acidithiobacillus ferrooxidans and Acidiphilium spp. In a co-culture 
with Acidiphilium acidophilum the increased growth rate and ferrous iron oxidation rate of 
Acidithiobacillus ferrooxidans have indicated a stimulating influence of A. acidophilum on 
Acidithiobacillus ferrooxidans (Marchand and Silverstein, 2003). A stable isotope probe based 
proteome analysis of an A. ferrooxidans / Acidiphilium cryptum mixed culture has revealed 
carbon dioxide transfer from the heterotroph to the iron oxidizing bacterium (Kermer et al., 
2012). Based on the absence of organic carbon and energy sources in the cultivation media 
of iron oxidizing bacteria it has been suggested that Acidiphilium spp. benefit in turn from 
secreted metabolites and remnants of the biomass from the iron oxidizers by utilizing them as 
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carbon and energy sources (Harrison, 1984; Baker and Banfield, 2003; Gonzalez-Toril et al., 
2011).  
Since such an interaction is not only relevant for the isolation and cultivation of iron 
oxidizing bacteria but also for the general understanding of the ecology of microbial 
communities in AMD, we were interested in elucidating the potential of Acidiphilium for such a 
syntrophic interaction. Therefore we sequenced and analyzed the genome of Acidiphilium sp. 
JA12-A1 with special focus on transport systems for the uptake of nutrients, the pathways of 
nutrient assimilation and the general energy metabolism. The resulting permanent draft 
genome was also compared to the genomes of the close relatives A. cryptum JF-5, A. 
multivorum AUI301 and Acidiphilium sp. PM DSM 24941 regarding the genome structure and 
the functional organization. 
Methods 
Genome project history 
The genome of Acidiphilium sp. JA12-A1 was sequenced to obtain genetic information 
on physiological properties that may play a fundamental role in its tenacious association with 
the co-occurring iron oxidizing bacterium in the mixed culture JA12. The permanent draft 
genome sequence is available at the NCBI with the accession number JFHO00000000 
(genome project number 238988). The cultivation and genome sequence analysis was 
undertaken at the TU Bergakademie Freiberg while the genome sequencing and annotation 
was performed at Göttingen Genomics Laboratory (G2L). Table 1 provides a summary of the 
project information according to MIGS compliance (Field et al., 2008). 
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Growth conditions and genomic DNA preparation 
Acidiphilium sp. JA12-A1 was cultivated in liquid SJH medium (Johnson and McGinness, 
1991; Johnson and Hallberg) at 30 °C. It was continuously shaken on a rotary shaker at 120 
rpm. The cells were harvested by centrifugation at 10,000 × g. The DNA was isolated using 
the Ultra CleanTM Microbial DNA Isolation Kit (MoBio, Carlsbad, CA) according to the 
manufacturer’s instructions. 
Genome sequencing and assembly 
Genome sequencing of Acidiphilium sp. JA12-A1 was performed via a hybrid approach 
using the 454 GS-FLX TitaniumXL system (Titanium GS70 chemistry, Roche Life Science, 
Mannheim, Germany) and the Genome Analyzer II (Illumina, San Diego, CA). Shotgun libraries 
were prepared according to the manufacturer's protocols, resulting in 126,343 reads for 454 
shotgun and 10,136,209 112-bp paired-end Illumina reads. We used all 126.343 454 shotgun 
reads and 3,000,000 of the 112-bp paired-end Illumina reads for the initial hybrid de-novo 
assembly, which was calculated using the MIRA 3.4 (Chevreux et al., 1999) and Newbler 2.8 
(Roche Life Science, Mannheim, Germany) software. The final assembly contained 297 
contigs with a 73.5-times coverage on average. 
Table 1: Project information. 
MIGS ID Property Term 
MIGS-31 Finishing quality Improved high-quality draft 
MIGS-28 Libraries used Two genomic libraries: 454 
pyrosequencing shotgun library, 
Illumina paired-end library (1 kb insert 
size) 
MIGS-29 Sequencing platforms 454 GS FLX Titanium, Illumina GAII 
MIGS-31.2 Fold coverage 18.7 × 454, 54.8 × Illumina 
MIGS-30 Assemblers Newbler 2.8, MIRA 3.4 
MIGS-32 Gene calling method YACOP, Glimmer 
 Locus Tag ACIDI 
 Genbank ID JFHO01000000 
 Genbank Date of Release 2014-05-20 
 GOLD ID Gi0008223 
 BIOPROJECT PRJNA238988 
MIGS-13 Source Material Identifier TU BAF Acidi 
 Project relevance Environmental and biotechnological 
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Genome annotation 
The software tools YACOP and Glimmer (Tech and Merkl, 2003) were used for automatic 
gene prediction, while identification of rRNA and tRNA genes was performed using RNAmmer 
and tRNAscan, respectively (Lagesen et al., 2007; Lowe and Eddy, 1997). An automatic 
annotation was performed within the integrated microbial genomes-expert review (IMG-ER) 
system (Markowitz et al., 2012; Markowitz et al., 2014) and subsequently curated manually by 
using the Swiss-Prot, TrEMBL, and InterPro databases (Zdobnov and Apweiler, 2001). 
Results 
Classification and features 
Acidiphilium sp. JA12-A1 was detected as the heterotrophic contamination in the mixed 
culture JA12 of a novel chemolithoautotrophic iron oxidizing bacterium (Tischler et al., 2013), 
which is related to “Ferrovum myxofaciens” P3G (Johnson et al., 2014; Hallberg et al., 2006). 
The iron oxidizing mixed culture originated from a pilot plant for the biological remediation of 
AMD close to a lignite mining site in Lusatia, Germany (Heinzel et al., 2009a; Tischler et al., 
2013; Heinzel et al., 2009b). Acidiphilium sp. JA12-A1 was isolated from the mixed culture by 
cultivation in SJH medium (Johnson and McGinness, 1991; Johnson and Hallberg) (Table 2).  
The complete 16S rRNA gene sequence of Acidiphilium sp. JA12-A1 was compared to 
the non-redundant nucleotide collection of the NCBI using NCBI MegaBLAST (Zhang et al., 
2000; Morgulis et al., 2008). The analysis of the 100 best hits revealed a sequence similarity 
of 99 % to 16S rRNA gene fragments of A. multivorum AUI301, A. cryptum JF-5, Acidiphilium 
organovorum TFC, Acidiphilium sp. SJH, and “Acidiphilium symbioticum” and others, and a 
sequence similarity of 95 % to A. acidophilum MS Silver, Acidiphilium angustum ATCC 35903 
and Acidiphilium rubrum. These gene fragments also formed the basis for the calculation of a 
dendrogram illustrating the phylogenetic neighborhood of Acidiphilium sp. JA12-A1 (Figure 1).  
The 16S rRNA gene sequences cluster into two distinct subgroups within the genus 
Acidiphilium. The novel strain Acidiphilium sp. JA12-A1 belongs to the same subgroup as A. 
cryptum JF-5, A. multivorum AIU301 and Acidiphilium sp. PM DSM 24941.  
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a Evidence codes - IDA: Inferred from Direct Assay; TAS: Traceable Author Statement (i.e., a direct 
report exists in the literature); NAS: Non-traceable Author Statement (i.e., not directly observed for the 
living, isolated sample, but based on a generally accepted property for the species, or anecdotal 
evidence). These evidence codes are from http://www.geneontology.org/GO.evidence.shtml of the 
Gene Ontology project (Ashburner et al., 2000); b Field et al., 2008; c Woese et al., 1990, Garrity and 
Holt, 2001, Garrity et al., 2005; d Garrity and Holt, 2001, Validation List no. 106, 2005; e Validation List 
no. 107, 2006, Pfennig and Trüper, 1971; f Skerman et al., 1980, Henrici, 1939; g Harrison, 1981, Gillis 
and Ley, 1980; h Harrison, 1981 
Table 2: Classification and general features of Acidiphilium sp. JA12-A1 (Field et al., 2008). 










Species: Acidiphilium sp. 
Strain: JA12-A1  
TAS b  
TAS c  
TAS d  
TAS e  
TAS f  
TAS g  
TAS h  
TAS h 
 Gram stain Negative NAS  
 Cell shape Rod IDA 
 Motility Motile IDA 
 Sporulation Not reported NAS  
 Temperature range Mesophile NAS  
 Optimum 
temperature 
30 °C NAS 
 pH range; 
Optimum 
Not reported  
 Carbon source Heterotroph (galactose, glucose, tryptic 
soy broth, fructose, yeast extract) 
NAS 
MIGS-6 Habitat Acid mine drainage NAS 
MIGS-6.3 Salinity Not reported  
MIGS-22 Oxygen  
 
Aerobic, anaerobic NAS 
MIGS-15 Biotic relationship Free living NAS 
MIGS-14 Pathogenicity None NAS 
MIGS-4 Geographic 
location 
Lignite mining site, Lusatia, Germany NAS 







51° 28' 10.38'' N 
14° 28' 22.19'' E 
NAS 
MIGS-4.4 Altitude 125.45 m  
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Figure 1: Dendrogram of representative strains of the alphaproteobacterial genus Acidiphilium - 
based on their partial 16S rRNA gene sequences. The dendrogram was calculated with MEGA5 
(Tamura et al., 2011) using the Maximum Likelihood method based on the Jukes-Cantor model (Jukes 
and Cantor, 1969). The analyzed sequences were aligned by CLUSTALW (Larkin et al., 2007). The 
clustering of the sequences was tested by the bootstrap approach with 1000 repeats. The length of the 
tree branches was scaled according to the number of substitutions per site (see size bar). All strains 
used in the analysis, except A. cryptum JF-5 and Acidiphilium sp. SJH, are type strains of their respective 
species (Wakao et al., 1994; Lobos et al., 1986; Hiraishi et al., 1998; Wichlacz et al., 1986; Kishimoto 
et al., 1993; Validation List no. 48, 1994; Validation List no. 52, 1995; Validation List no. 56, 1996) with 
A. cryptum representing the genus Acidiphilium as the designated type species (Harrisson, 1981). 
Acidocella aminolytica (D300771) and Acidocella facilis (D30774) were used as outgroup. The 16S 
rRNA gene sequence for Acidiphilium sp. PM DSM 24941 can be found under the locus tag APM_R0045 
on contig Ctg_00688 (AFPR01000512) of the whole genome shotgun sequence. Whole genome 
sequences are only available for A. cryptum JF-5, A. multivorum AIU301, Acidiphilium sp. PM DSM 
24941 and Acidiphilium angustum ATCC 35903 (GOLD project IDs: Gc00559, Gc01862, Gi09776, 
Gi0051610; accession numbers: NC_009484, NC_015186; AFPR00000000, JNJH00000000). 
In terms of physiological features Acidiphilium sp. JA12-A1 appears to be closely related 
to the type strain A. cryptum Lhet2 (Harrison, 1981): Acidiphilium sp. JA12-A1 is a Gram-
negative, rod-shaped (ca. 1.9 μm × 0.7 μm), motile alphaproteobacterium, which lives under 
acidophilic conditions. It has a chemoorganotrophic lifestyle growing with galactose, fructose, 
yeast extract and soy broth as growth substrates. In the mixed culture with the iron oxidizer 
“Ferrovum” sp. JA12 (Mosler et al., 2013) the proportion of Acidiphilium sp. JA12-A1 was 
estimated by terminal restriction fragment length polymorphism (T-RFLP) analysis to vary 
between 1 % and 50 % depending on the ferrous iron concentration and growth phase 
(unpublished results). An electron micrograph of Acidiphilium sp. JA12-A1 is provided in Figure 
2. 
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Figure 2: Transmission electron micrograph of Acidiphilium sp. JA12-A1 (ultrathin section, post-
staining with 4 % uranyl acetate). PHB granula are marked by asterisks. The cells were harvested at 
the beginning of the fast growth phase. 
Genome properties 
The draft genome of Acidiphilium sp. JA12-A1 consists of 4.18 Mbp on 298 contigs, of 
which 99 have a length of at least 10 kbp. Genome features are summarized in Table 3. The 
average G+C content is 66.9 %. The draft genome encodes 4065 genes in total, of which 4015 
(98.8 %) are predicted protein coding genes and 50 (1.2 %) are RNA genes. 2,663 (65.5 %) 
genes are assigned to COG groups (Table 4), 1238 (30.5 %) are connected to KEGG pathways 
and 520 (12.8 %) are assigned to the transporter classification. A comparison of genome 
features of Acidiphilium sp. JA12-A1 to the genomes of A. cryptum JF-5, A. multivorum AUI301 
and Acidiphilium sp. PM, DSM 24941 is provided in Table 5. 
Insights from the genome sequence 
In order to understand the potential interaction between Acidiphilium sp. JA12-A1 and 
the iron oxidizer “Ferrovum” sp. JA12 in the mixed culture we analyzed the genome of 
Acidiphilium sp. JA12-A1 with special focus on genes that may be involved in the utilization of 
“Ferrovum” derived organic substances as an energy source and as growth substrates.  
Chapter II: Genome of Acidiphilium sp. JA12-A1 
 
- 25 - 
 
 
The genome analysis revealed six genes that encode for putative oligo- and 
polysaccharide hydrolyzing enzymes, among which we identified α-amylases or amylase-
related enzymes, β-glucosidase, endoglucanase, a trehalase and a glycogen-debranching 
enzyme. Acidiphilium sp. JA12-A1 may use these enzymes to break down polysaccharides 
that are part of the cell envelope of the iron oxidizer “Ferrovum” or that are excreted as slimes. 
Applying the EBI InterProScan to the sequences of these enzymes resulted in predicted N-
terminal signal peptides in the β-glucosidase and endoglucanase which indicates a potential 
excretion of these enzymes.  
The genome of Acidiphilium sp. JA12-A1 encodes a variety of transport systems to take 
up secreted organic compounds or the products of the hydrolysis of polysaccharides. These 
transport systems comprise annotated sugar transporters or sugar phosphate permeases of 
the major facilitator family, 15 ABC-transport systems for mono- and disaccharides and a 
phosphotransferase system (PTS) of the fructose type. The ABC-transporters are predicted to 
take up ribose, xylose, galactose or similar monosaccharides. The PTS in Acidiphilium sp. 
JA12-A1 consists, similar to the PTS of other Acidiphilium strains, of two fusion proteins 
(HPr/EI/EIIA and EIIB/EIIC).  
Table 3: Genome statistics for Acidiphilium sp. JA12-A1. 
Attribute Value %age 
Genome size (bp) 4,184,331 100.0 
DNA coding (bp) 3,699,946 88.4 
DNA G+C (bp) 2,801,106 66.9 
DNA scaffolds 298  
Total genes 4,065 100.0 
Protein coding genes 4,015 98.8 
RNA genes 50 1.2 
Pseudo genes 293 7.2 
Genes in internal clusters 3,092 76.1 
Genes with function prediction 3,193 78.6 
Genes assigned to COGs 2,663 65.5 
Genes with Pfam domains 3,191 78.5 
Genes with signal peptides 268 6.6 
Genes with transmembrane helices 857 21.1 
CRISPR repeats Not reported  
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Based on the genome sequence we reconstructed the metabolic pathways that may 
enable Acidiphilium sp. JA12-A1 to gain energy by the complete aerobic oxidation of organic 
compounds, preferably of monosaccharides. Although we did not identify the fructose-6-
phosphate kinase, one of the key enzymes of the glycolysis, Acidiphilium sp. JA12-A1 may 
bypass the reaction via the activity of enzymes of the pentose phosphate pathway, thus still 
being able to convert glucose to acetyl-CoA. Acetyl-CoA is further oxidized to carbon dioxide 
by the citrate cycle and the electrons are transferred to oxygen by the protein complexes of 
the aerobic respiratory chain. We also identified gene clusters encoding the subunits of a 
photosynthetic reaction center, associated cytochromes and proteins involved in the 
biogenesis of the reaction center proteins that may enable Acidiphilium sp. JA12-A1 to use 
light as additional energy source. 
Table 4: Number of gene associated with the 25 general COG functional categories. 
Code Value %age Description 
J 147 5.0 Translation, ribosomal structure and biogenesis 
A 0 0.0 RNA processing and modification 
K 180 6.1 Transcription 
L 157 5.3 Replication, recombination and repair 
B 2 0.1 Chromatin structure and dynamics 
D 167 5.7 Cell cycle control, cell division, chromosome partitioning 
V 35 1.2 Defense mechanisms 
T 77 2.6 Signal transduction mechanisms 
M 167 5.7 Cell wall/membrane biogenesis 
N 44 1.5 Cell motility 
U 77 2.6 Intracellular trafficking and secretion 
O 107 3.6 Posttranslational modification, protein turnover, chaperones 
C 260 8.8 Energy production and conversion 
G 247 8.3 Carbohydrate transport and metabolism 
E 294 10.0 Amino acid transport and metabolism 
F 66 2.2 Nucleotide transport and metabolism 
H 125 4.2 Coenzyme transport and metabolism 
I 164 5.6 Lipid transport and metabolism 
P 124 4.2 Inorganic ion transport and metabolism 
Q 89 3.0 Secondary metabolites biosynthesis, transport and 
catabolism 
R 320 10.8 General function prediction only 
S 241 8.2 Function unknown 
- 1,400 34.4 Not in COGs 
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Apart from providing the source of energy the sugar compounds also appear to be the 
preferred carbon source for the biomass production in Acidiphilium sp. JA12-A1. We inferred 
the pathways that are necessary for the conversion of the monosaccharides to the precursors 
of the biomass production, such as the amino sugar and nucleotide sugar metabolism, the 
citrate cycle, the fatty acid synthesis and the purine and pyrimidine metabolism. Besides the 
synthesis of biomass there is genetic evidence for the storage of carbon compounds as 
polyhydroxybutyrate (PHB) which is further supported by transmission electron microscopic 
analysis of representative cells showing PHB granula (Figure 2). Acidiphilium sp. JA12-A1 also 
appears to be able to fix carbon dioxide heterotrophically, since its genome encodes a pyruvate 
carboxylase and a pyruvate carboxykinase.  
 
Table 5: Comparison of genome features of Acidiphilium sp. JA12-A1 to its close relatives A. 
cryptum JF-5, A. multivorum AIU301 and Acidiphilium sp. PM, DSM 24941. 









sp. PM, DSM 
24941 





Genome size (Mbp) 4.0 4.2 4.2 3.9 
Number of plasmids 8 8 n.d. 9 
GC (percentage) 67.1 % 67.0 % 66.9 % 66.4 % 
Total gene count 3,701 4,004 4,065 3,908 










Number of RNA genes 64 (1.7 %) 56 (1.4 %) 50 (1.2 %) 49 (1.3 %) 
Number of genes assigned 









Number of genes 










Number of genes assigned 









Number of genes assigned 
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Comparative genomics 
Although there are four genome sequences of species belonging to the genus 
Acidiphilium to compare the genome of strain JA12-A1 with, we focused our comparative 
genomics approach on A. cryptum JF-5, A. multivorum AUI301, Acidiphilium sp. PM DSM 
24941 and Acidiphilium sp. JA12-A1. A comparison of the genomes of Acidiphilium sp. JA12-
A1 and A. angustum ATCC 35903 confirmed the phylogenetic distance and revealed that these 
genomes cannot be meaningfully aligned (results not shown). Therefore, the circular 
representation of the genome comparisons (Figure 3) and the Venn diagram summarizing 
orthologous genes between the genomes are limited to strains belonging to the same 
phylogenetic cluster as Acidiphilium sp. JA12-A1 (Figure 4).  
The circular representation of genome sequences of four Acidiphilium strains revealed a 
high structural similarity of the genomes (Figure 3). To identify orthologous genes between all 
four organisms, we performed a whole genome comparison. To prepare the data for analysis 
we used the scripts ncbi_ftp_download v0.2, cat_seq v0.1 and cds_extractor v0.6 (Leimbach, 
2014) and Proteinortho v5.04 (Lechner et al., 2011) with a similarity cutoff of 50 % and an E-
value of 1e-10. Paralogous genes detected for all genomes were not included into this 
approach. All four strains have a core genome comprising 2515 genes, which is up to 70 % of 
the genes present in a single genome (Figure 4). Acidiphilium sp. JA12-A1 has 2,943 
orthologous genes in common with A. multivorum AIU301, 2,789 with A. cryptum JF-5 and 
2734 with Acidiphilium sp. PM DSM 24941. We detected the highest number of orthologous 
genes (2,901) between A. cryptum JF-5 and A. multivorum AIU301. Acidiphilium sp. PM DSM 
24941 and A. multivorum AIU301 have 2,870 in common, while A. cryptum JF-5 and 
Acidiphilium sp. PM DSM 24941 share 2,654 genes. Acidiphilium sp. PM DSM 24941 harbors 
the highest number of singletons (716) followed by Acidiphilium sp. JA12-A1 with 475, A. 
multivorum AIU301 with 381 and A. cryptum JF-5 with 350, respectively. This, therefore, 
confirms the high degree of similarity among the various Acidiphilium strains as already 
concluded from the 16S rRNA gene based phylogeny (Figure 1). Moreover, the high degree 
of congruence of the selected genome features provided in Table 5 demonstrates the high 
similarity among the four genomes with respect to the functional organization, (e.g. number of 
genes assigned to various COG functional categories (not shown), and pathways of the central 
metabolism). 
Despite the high similarity in genome organization and content there are also unique 
genes in each of the Acidiphilium species that were included in this comparative genome 
analysis. For instance, Acidiphilium sp. JA12-A1, A. cryptum JF-5 and A. multivorum AUI301 
contain a cluster of homologous genes encoding phosphonate C-P-lyases which are required 
for utilization of organic phosphate compounds. However, of those only Acidiphilium sp. JA12-
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A1 encodes a putative phosphonate specific ABC transporter. ABC transporter encoding 
genes are usually clustered. In the case of Acidiphilium sp. JA12-A1 the genes are spread 




Figure 3: Circular representation of the genome comparison of Acidiphilium sp. JA12-A1 with 
other Acidiphilium strains. A: The genes encoded by the leading and the lagging strand (outer circles 
1 and 2) of Acidiphilium sp. JA12-A1 are marked in COG colors in the artificial chromosome map. The 
genes for tRNAs and transposases in Acidiphilium sp. JA12-A1 are shown in circles 3 and 4, 
respectively. The presence of orthologous genes is indicated for the genomes of A. cryptum JF-5 
(CP000689-CP000697), A. multivorum AIU301 (AP012035-AP012043) and Acidiphilium sp. PM DSM 
24941 (circle 5 to 7). The two innermost plots represent the GC-content and the GC-skew.  
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Figure 4: Venn diagram of the genome comparison of Acidiphilium sp. JA12-A1 with other 
Acidiphilium strains. Venn diagram showing the orthologous genes between Acidiphilium sp. JA12-
A1, A. cryptum JF-5 (CP000689-CP000697), A. multivorum AIU301 (AP012035-AP012043) and 
Acidiphilium sp. PM DSM 24941 (AFPR00000000). Ortholog detection was done with the Proteinortho 
software (blastp) with a similarity cutoff of 50 % and an E-value of 1e-10. The total number of genes and 
paralogs, respectively, are depicted under the corresponding species name. Open reading frames 
(ORFs) that were classified as pseudogenes, were not included in this analysis. 
Conclusions 
The microbial communities of AMD and mining associated water bodies have been 
investigated in some detail over the last decades (Johnson et al., 2001; Heinzel et al., 2009a; 
Harrison, 1984; Baker and Banfield, 2003; Gonzalez-Toril et al., 2011; Hallberg et al., 2006; 
Hallberg and Johnson, 2001; García-Moyano et al., 2007; Kay et al., 2013). All of these reports 
agree on the supposed role of heterotrophic microorganisms, including members of the genus 
Acidiphilium, regarding their utilization of organic substances secreted by other community 
members or derived from microbial cell decay.  
Analyzing the genome sequence of the novel strain Acidiphilium sp. JA12-A1 we inferred 
such an interspecies carbon transfer in an iron oxidizing mixed culture derived from a pilot 
plant for the biological remediation of AMD. The potential carbon transfer involves Acidiphilium 
sp. JA12-A1 excreting polysaccharide hydrolyzing enzymes, such as β-glucosidases or 
endoglucanases, to break down cell envelope polysaccharides from decaying cells and from 
the co-occurring iron oxidizer that is related to “F. myxofaciens” P3G (Johnson et al., 2014). 
Monosaccharides originating from polysaccharide hydrolysis or from lysed cells are taken up 
by Acidiphilium sp. JA12-A1 via specific uptake systems to produce bacterial biomass. 
Alternatively, the monosaccharides or parts thereof are oxidized to gain energy for the cellular 
metabolism. Under aerobic conditions the electron donor is completely oxidized to carbon 
dioxide which is the preferred carbon source for the autotrophic iron oxidizer. However, the 
iron oxidizer may not only profit from the local increase of the carbon dioxide availability but 
also from the removal of organic compounds by Acidiphilium sp. JA12-A1, since 
chemolithoautotrophic iron oxidizers have long been known to be sensitive to organic 
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compounds (Touvinen and Kelly, 1973). The sum of these potential interactions may account 
for the tenacious association of both organisms in the mixed culture and provide an explanation 
for the difficulties encountered when attempting to obtain pure cultures of the iron oxidizing 
bacteria. 
In order to experimentally substantiate such an interspecies carbon transfer we suggest 
to analyze, similar to the study of Kermer et al. (Kermer et al., 2012), secreted metabolites in 
combination with a stable isotope approach (13C-labelled carbon dioxide) since this may reveal 
the actual metabolites that are utilized by Acidiphilium sp. JA12-A1 in the mixed culture. This 
approach may not only extend our knowledge of the proposed interspecies carbon transfer 
(Kermer et al., 2012), but also elucidate whether Acidiphilium sp. JA12-A1 incorporates carbon 
dioxide heterotrophically by carboxylation reactions under the conditions provided within the 
mixed culture. In A. rubrum the incorporation of carbon dioxide was described to be enhanced 
under aerobic-light conditions with the required energy provided by light utilization via a 
photosynthetic reaction center and phototrophic pigments (Kishimoto et al., 1995). We 
identified gene clusters homologous to those described for A. rubrum and other Acidiphilium 
strains in the genome of Acidiphilium sp. JA12-A1 hinting at a potential photosynthetic activity. 
However, since none of the described Acidiphilium strains seems to be capable of using light 
as sole source of energy (Gest, 1993), it has been proposed that the photosynthetic activity is 
used to pump protons across the cytoplasmic membrane in order to stabilize the proton 
balance between the acidic environment and the neutral cytoplasm (Kishimoto et al., 1995).  
Acidiphilium strains are also thought to play a direct role in the iron cycle by regenerating 
dissolved ferrous iron through the reduction of ferric iron under microaerobic and anoxic 
conditions (Gonzalez-Toril et al., 2011; Küsel et al., 1999). Other studies have shown that 
ferrous iron is regenerated from the reduction of ferric iron minerals by Acidiphilium spp. and 
other acidophilic ferric iron reducers (Coupland and Johnson, 2008). The ferrous iron is then 
available as an energy source for the iron oxidizers again. Details of the pathway of ferric iron 
reduction could, however, not be deduced from the genome of Acidiphilium sp. JA12-A1. 
The Acidiphilium strains A. cryptum JF-5, A. multivorum AUI301, Acidiphilium sp. PM 
DSM 24941 and Acidiphilium sp. JA12-A1, which all belong to the same phylogenetic subgroup 
within the genus Acidiphilium, show high similarities regarding their structural and functional 
genome organization. Since they also share important metabolic traits with respect to growth 
conditions and nutrient requirements the proposed interaction between Acidiphilium sp. JA12-
A1 and the iron oxidizer “Ferrovum” spp. may also be true for other members of the genus 
Acidiphilium in their natural habitats. 
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Abstract  
Members of the genus “Ferrovum” are ubiquitously distributed in acid mine drainage 
(AMD) waters which are characterized by their high metal and sulfate loads. So far isolation 
and microbiological characterization have only been successful for the designated type strain 
“Ferrovum myxofaciens” P3G. Thus, knowledge about physiological characteristics and the 
phylogeny of the genus “Ferrovum” is extremely scarce. 
In order to access the wider genetic pool of the genus “Ferrovum” we sequenced the 
genome of a “Ferrovum”-containing mixed culture and successfully assembled the almost 
complete genome sequence of the novel “Ferrovum” strain JA12. 
The genome-based phylogenetic analysis indicates that strain JA12 and the type strain 
represent two distinct “Ferrovum” species. “Ferrovum” strain JA12 is characterized by an 
unusually small genome in comparison to the type strain and other iron oxidizing bacteria. The 
prediction of nutrient assimilation pathways suggests that “Ferrovum” strain JA12 maintains a 
chemolithoautotrophic lifestyle utilizing carbon dioxide and bicarbonate, ammonium and urea, 
sulfate, phosphate and ferrous iron as carbon, nitrogen, sulfur, phosphorous and energy 
sources, respectively.  
The potential utilization of urea by “Ferrovum” strain JA12 is moreover remarkable since 
it may furthermore represent a strategy among extreme acidophiles to cope with the acidic 
environment. Unlike other acidophilic chemolithoautotrophs “Ferrovum” strain JA12 exhibits a 
complete tricarboxylic acid cycle, a metabolic feature shared with the closer related 
neutrophilic iron oxidizers among the Betaproteobacteria including Sideroxydans lithotrophicus 
and Thiobacillus denitrificans. Furthermore, the absence of characteristic redox proteins 
involved in iron oxidation in the well-studied acidophiles Acidithiobacillus ferrooxidans 
(rusticyanin) and Acidithiobacillus ferrivorans (iron oxidase) indicates the existence of a 
modified pathway in “Ferrovum” strain JA12. Therefore, the results of the present study extend 
our understanding of the genus “Ferrovum” and provide a comprehensive framework for future 
comparative genome and metagenome studies.  
Introduction 
Acid mine drainage (AMD) waters are characterized by their acidic pH (< 4) and their 
high sulfate and metal loads. They are generated due to exposure of metal sulfides in the 
mined ores, coal or lignite to abiotic and biotic oxidation processes (i.e. Banks et al., 1997; 
Schippers, 2004; Johnson and Hallberg, 2005). These acidic water bodies provide an 
ecological niche for acidophilic iron and sulfur oxidizers, such as Acidithiobacillus spp. and 
Leptospirillum spp., and for acidophilic heterotrophs like Acidiphilium spp. (Johnson, 1995a; 
Baker and Banfield, 2003; Gonzalez-Toril et al., 2003; Méndez-García et al., 2015).  
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In the last decade members of the novel proposed betaproteobacterial genus “Ferrovum” 
(Johnson and Hallberg, 2005) have been detected in AMD habitats worldwide (Heinzel et al., 
2009a; Hallberg et al., 2006; Kimura et al., 2011; Gonzalez-Toril et al., 2011; Brown et al., 
2011; Santofimia et al., 2013; Fabisch et al., 2013; Jones et al., 2015; Kay et al., 2014; Hua et 
al., 2015; Wang et al., 2014) where they are thought to be involved in iron cycling (Santofimia 
et al., 2013; Hua et al., 2015; Méndez-García et al., 2015). Apparently, “Ferrovum”-related iron 
oxidizers prefer higher pH values and ferrous iron concentrations than the well-studied A. 
ferrooxidans (Jones et al., 2015). The comparison of the microbial composition of the AMD 
springs Lower and Upper Red Eyes in the Appalachian Mountains (Pennsylvania, USA) 
revealed the abundant occurrence of A. ferrooxidans in AMD characterized by pH values below 
2.7 and ferrous iron concentrations below 5 mM, while “Ferrovum” strains were abundant at 
pH values around 3 and higher ferrous iron concentrations (Jones et al., 2015). These 
observations are in accordance with studies of other AMD habitats including pit lakes in the 
Iberian Pyrite Belt (Spain, Santofimia et al., 2013) and the pilot plant Tzschelln for the biological 
remediation of AMD which is located close to the lignite mining site Nochten (Lusatia, 
Germany, Heinzel et al., 2009b). In the context of the latter, it is important to note that apart 
from contributing to the formation of AMD “Ferrovum” has also proved to be useful in a number 
of biotechnological applications which, apart from the remediation of AMD (e.g. the pilot plant 
Tzschelln, Heinzel et al., 2009a; Heinzel et al., 2009b; continuous flow reactor system Hedrich 
and Johnson, 2012), also include the generation of ferric iron rich solutions for the purpose of 
indirect mineral oxidation (Rowe and Johnson, 2008) and the production of the ferric iron 
oxyhydroxysulfate schwertmannite which can be used as pigment or chemical absorbent 
(Hedrich et al., 2011a; Hedrich and Johnson, 2012). 
However, despite their ubiquitous distribution and potential biotechnological relevance 
the isolation and subsequent physiological characterization has so far only been successful 
for the designated type strain “Ferrovum myxofaciens” P3G (Johnson et al., 2014). The 
isolation of chemolithoautotrophic acidophilic iron oxidizers like “F. myxofaciens” P3G proved 
to be demanding, particularly when solid media were used for strain isolation (i.e. Johnson et 
al., 2014; Johnson and Kelso, 1983; Johnson and McGinness, 1991; Johnson, 1995b; Harrison 
et al., 1980). These studies also reported a number of reasons for the difficulties related to the 
isolation, including the contamination of the iron oxidizer with heterotrophic bacteria such as 
Acidiphilium (Johnson et al., 2014; Harrison et al., 1980; Johnson and Kelso, 1983) and the 
high sensitivity of the iron oxidizer to organic compounds released from the agar plates due to 
acid hydrolysis (Johnson and McGinness, 1991). Although the development of overlay plates 
allowed the successful cultivation of many acidophilic bacteria (Johnson and McGinness, 
1991; Johnson, 1995b), the isolation and culture of novel strains of the genus “Ferrovum” has 
remained an enigma (Johnson et al., 2014) as indicated by the loss of the previously obtained 
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strains “F. myxofaciens” PSTR (Rowe and Johnson, 2008) and EHS6 (Hedrich et al., 2011a) 
prior to a classical microbiological characterization being conducted. Consequently, the 
knowledge about the physiological capacities of members of genus “Ferrovum” is so far 
restricted to the physiological characterization of the type strain “F. myxofaciens” P3G 
(Johnson et al., 2014) and to metabolic traits inferred from the draft genome sequence of the 
type strain (Moya-Beltrán et al., 2014) and from the metagenomic assembly of the “Ferrovum”-
like population FKB7 (Hua et al., 2015).  
Metagenomics approaches proved to be extremely valuable to infer metabolic traits of 
uncultivated members of AMD communities (Hua et al., 2015; Tyson et al., 2004; Bertin et al., 
2011; Jones et al., 2012; Liljeqvist et al., 2015). In cases where such a microbial community is 
either composed of only a few members or where few strains dominate the community, the 
assembly of even nearly complete genome sequences has been shown to be possible (Tyson 
et al., 2004: Leptospirillum ferriphilum and Ferroplasma acidarmanus; Liljeqvist et al., 2015: 
Acidithiobacillus ferrivorans-like species; Bertin et al., 2011: “Candidatus Fodinabacter 
communificans”). 
In order to overcome the limitation caused by the extremely difficult isolation of 
“Ferrovum” we sequenced the (meta)genome of the enrichment culture JA12 which 
represented a mixed culture of a heterotrophic Acidiphilium strain and an autotrophic 
“Ferrovum” strain (Tischler et al., 2013). The mixed culture JA12 originated from samples 
collected at the pilot plant Tzschelln (Heinzel et al., 2009a; Heinzel et al., 2009b). Isolation and 
genome sequence analysis of the contaminating heterotrophic Acidiphilium strain JA12-A1 
(Ullrich et al., 2015) allowed the assembly of the almost complete genome sequence of the 
novel “Ferrovum” strain JA12 from the sequence reads obtained for the mixed culture JA12. 
The subsequent in-depth analysis of the genome sequence of “Ferrovum” strain JA12 
and comparison with other acidophilic iron oxidizers and neutrophilic iron oxidizing 
Betaproteobacteria provides (i) the basis for a detailed phylogenetic assignment of “Ferrovum” 
strain JA12, (ii) a comprehensive description of its predicted carbon, nitrogen, sulfur, 
phosphate and energy metabolism, (iii) information on strategies employed to cope with the 
chemical constraints of the AMD habitat, and (iv) first insights into metabolic features that 
distinguish it from the type strain “F. myxofaciens” P3G. 
Methods 
Origin and cultivation of “Ferrovum” strain JA12 
The iron oxidizing mixed culture JA12 was obtained during a previous study by plating a 
water sample derived from the mine water treatment plant Tzschelln in Lusatia (Saxony, 
Germany) on overlay plates based on the artificial pilot water medium (APPW) (Tischler et al., 
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2013) (Permission for sampling the pilot plant water for microbiological purposes was granted 
by G.E.O.S. Ingenieurgesellschaft mbH, Gewerbepark Schwarze Kiefern, Halsbrücke, 
Germany). Chemical composition of the pilot plant inflow has been reported previously 
(Tischler et al., 2014). Culture JA12 was cultivated in artificial pilot plant water medium and 
periodically transferred into fresh medium (Tischler et al., 2013) with ferrous iron sulfate as 
electron donor. Terminal restriction fragment length polymorphism (TRFLP) and sequencing 
of 16S rRNA gene fragments revealed that culture JA12 consisted of the iron oxidizer 
“Ferrovum” strain JA12 and the heterotroph Acidiphilium strain JA12-A1 (Tischler et al., 2013). 
Ferrous iron oxidation was therefore used as indicator for cellular growth of the iron oxidizer 
“Ferrovum” strain JA12 with quantification of ferrous iron being achieved via the ferrozine 
method (Viollier et al., 2000). 
Cells were harvested by centrifugation (5,000 x g) and washed with 50 mM oxalic acid 
in 0.9 % (w/v) NaCl. Genomic DNA was isolated either with the UltraClean® microbial DNA 
isolation kit (MOBIO Laboratories Inc.) for next generation sequencing or with the 
MasterPure™ Gram Positive DNA Purification Kit (Epicentre Technologies Corp., WI, USA) to 
obtain template DNA for PCRs to achieve gap closure.  
During the course of a follow-on study, and following the genome analysis reported here, 
“Ferrovum” strain JA12 was lost in culture JA12 (“Ferrovum” strain JA12 was no longer 
detectable by a specific PCR amplification of a 16S rRNA gene fragment of “Ferrovum” strain 
JA12). 
Genome sequencing, assembly and annotation 
In order to assemble the genome of the iron oxidizer “Ferrovum” strain JA12 from the 
metagenome reads of the mixed culture JA12 the contaminating Acidiphilium strain JA12-A1 
was brought into pure culture and its genome was sequenced (Ullrich et al., 2015). Genome 
sequencing of “Ferrovum” strain JA12 was performed at the Göttingen Genomics Laboratory 
(G2L, Göttingen University, Germany) via a hybrid approach using the 454 GS-FLX Titanium 
XL system (Titanium GS70 chemistry, Roche Life Science) and the Genome Analyzer II 
(Illumina). The shotgun libraries were prepared according to the manufacturers’ protocols. This 
involved, in the case of the Illumina platform, the use of the Nextera XT library preparation kit 
and resulted in a mean insert size of 140.15 bp. The 3,113,232 112 bp paired-end Illumina 
sequence reads were pre-processed using Trimmomatic with quality filter Phred33 (Bolger et 
al., 2014) resulting in trimmed sequence reads with a mean length of 92.34 bp. Sequence 
reads that mapped to the genome of Acidiphilium strain JA12-A1 were removed from the 
dataset. A draft genome of “Ferrovum” strain JA12 was assembled de novo based on 61,459 
454 shotgun reads (genome coverage: 12 x) and 2,089,798 trimmed paired-end Illumina reads 
(genome coverage: 115 x) using the Newbler 2.6 (Roche Life Science) and the MIRA 3.4 
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(Chevreux et al., 1999) software. The raw data were manually inspected and quality checked 
using the Staden Package GAP4 (The GAP Group, 2012), FastQC version 0.10 (Andrews, 
2012) and Qualimap (García-Alcalde et al., 2012). Specific PCR primers for gap closure were 
designed based on the GAP 4 inspection. Specificity of the designed primers was checked by 
blastn search against the genome sequence. Assembly and subsequent gap closing 
procedure resulted in a nearly complete genome sequence of “Ferrovum” strain JA12 
consisting of three contigs.  
Automatic annotation was conducted at Göttingen Genomics Laboratory using 
PRODIGAL (Hyatt et al., 2010) predicting coding sequences. tRNA genes were predicted 
using tRNAscan-SE (Lowe and Eddy, 1997) adjusted to bacterial genes and ARAGORN 
(Laslett and Canback, 2004). rRNA genes were predicted using RNAmmer (Lagesen et al., 
2007). The predicted coding sequences were annotated using in-house scripts at the 
Göttingen Genomics Laboratory. Blastn searches were conducted against the downloaded 
databases of Swiss-Prot, TrEMBL (Boeckmann et al., 2003) and InterPro (Zdobnov and 
Apweiler, 2001) using a cut-off value of 1e-20 and subsequent filtering for the best hit. Further 
automatic annotation was performed within the pipeline of the integrated microbial genomes-
expert review (IMG/ER) system (Markowitz et al., 2009; Markowitz et al., 2014).  
Transmembrane helices in protein sequences were identified by TMHMM 2.0 using the 
default settings (Möller et al., 2001; http://www.cbs.dtu.dk/services/TMHMM/; accessed 8 
January 2015). Regulatory sequences within the urease gene cluster were predicted using the 
software FGENESB with default settings (Softberry Inc., Mount Kisco, NY, USA). Metabolic 
pathways in “Ferrovum” strain JA12 were inferred using the KEGG database (Kanehisa and 
Goto, 2000; Kanehisa et al., 2014) and the NCBI conserved domain search (Marchler-Bauer 
et al., 2009; Marchler-Bauer et al., 2011). The predicted metabolic traits were subsequently 
compared to other acidophilic and neutrophilic iron oxidizers and to individual non-iron 
oxidizers. Accession numbers of genomes used in this context are listed in Supplementary 
Table 1 (p. 171).  
Visualization of the nearly complete genome 
The three contigs of the nearly complete genome sequence of “Ferrovum” strain JA12 
were concatenated using the BLAST Ring Image Generator (BRIG) (Alikhan et al., 2011) in 
order to facilitate visualization of the GC content and GC-skew. A Blastn-based genome 
comparison with the draft genome sequence of the type strain “Ferrovum myxofaciens” P3G 
was conducted with BRIG using the default Blast options of the program and running BLAST+ 
(Camacho et al., 2009) version 2.2.30. Identified matches were added to the circular plot of 
the genome sequence of “Ferrovum” strain JA12. 
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Phylogenetic analysis 
Phylogeny was inferred based on the determination of three genome-based phylogenetic 
indicators (DDH, ANIb, tetra) and the calculation of a 16S rRNA gene sequences-based 
phylogenetic tree. See S1 Figure for a detailed description of procedure applied for the 
calculation of a 16S rRNA gene-based phylogenetic tree. 
The DNA-DNA-Hybridization (DDH) value was estimated in silico using the genome-to-
genome-distance-calculator (GGDC2.0, Meier-Kolthoff et al., 2013; Meier-Kolthoff et al., 2014; 
http://ggdc.dsmz.de/distcalc2.php) with default settings. The DDH was inferred from the results 
of formula 2. The calculation of the average nucleotide identity based on BLAST version 2.2.26 
(ANIb) and the regression of the tetranucleotide composition (tetra) were conducted in 
JSpecies (Richter and Rosselló-Móra, 2009) using default settings. BLAST version 2.2.26 was 
downloaded from the NCBI FTP server on 10 March 2015. 
Prediction of mobile genetic elements 
Insertion elements were predicted using the ORFminer annotation pipeline (in-house 
pipeline, Center for Bioinformatics and Genome Biology, Fundación Ciencia y Vida, Santiago, 
Chile) including TnpPred (Riadi et al., 2012). The results were complemented using ISsaga 
(Siguier et al., 2006; www.is.biotoul.fr; accessed 1 April 2015) to further classify transposases 
and integrases. Candidates that were only predicted by one of the programs were investigated 
manually in more detail. 
Furthermore, a blastp search against the ACLAME database (Leplae et al., 2010; 
http://aclame.ulb.ac.be/; accessed 31 March 2015) was conducted to detect virus and 
prophage-associated genes (Prophinder; Lima-Mendez et al., 2008) using default settings.  
Nucleotide sequence accession number 
The nearly complete genome sequence of “Ferrovum” strain JA12 is accessible at 
DDBJ/EMBL/GenBank under the accession number LJWX00000000.  
 
 
Results and Discussion 
Phylogenetic classification of “Ferrovum” strain JA12 
The iron oxidizing mixed culture JA12 was obtained during a previous study (Tischler et 
al., 2013) from the pilot plant Tzschelln, a mine water treatment plant at the lignite mining site 
in Nochten (Lusatia, Germany). Geochemical parameters of the water inflow to the pilot plant 
were reported previously (Tischler et al., 2013). Ion concentrations and pH were as follows, 
while phosphate was below the detection limit (Tischler et al., 2014: Fe2+ 270 mg/l, Mn2+ 6.3 
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mg/l, Ni2+ 0.081 mg/l, Zn2+ 0.18 mg/l, Al3+ 1.1 mg/ml, AsO33- 0.031 mg/l, NH4+ 3.46 mg/l, HCO3- 
42.1 mg/l, SO42- 1950 mg/l, pH 3.2. 
Terminal restriction fragment length polymorphism (TRFLP) and sequence analysis of 
PCR-amplified 16S rRNA gene fragments revealed that the mixed culture JA12 contained an 
iron oxidizing bacterium related to “F. myxofaciens” P3G and the heterotrophic 
alphaproteobacterium Acidiphilium strain JA12-A1 (Tischler et al., 2013). Since Acidiphilium 
strain JA12-A1 was successfully grown in pure culture and its genome was sequenced, it was 
possible to confirm its lack of the ability to oxidize ferrous iron (Ullrich et al., 2015). Thus, it 
was deduced that the “F. myxofaciens” P3G-related bacterium, “Ferrovum” strain JA12, was 
responsible for the observed ferrous iron oxidation. 
Phylogenetic analyses based on the 16S rRNA gene as molecular marker were 
performed to evaluate the relationship of strain JA12 to the type strain (Johnson et al., 2014) 
and to closely related iron oxidizers as well as to non-iron oxidizing Betaproteobacteria (S1 
Figure). As reported previously, the “F. myxofaciens” P3G-related strains cluster in a distinct 
branch within the Betaproteobacteria (Johnson et al., 2014). However, the type strain “F. 
myxofaciens” P3G and “Ferrovum” strain JA12 belong to different subgroups within this distinct 
branch which is in agreement with the low 16S rRNA gene sequence identity (96 %) shared 
by both strains.  
Moreover, the availability of a draft genome sequence of the type strain (Moya-Beltrán 
et al., 2014) allowed to infer the level of their phylogenetic relationship via three genome 
sequence-based approaches: the in silico estimation of the DNA-DNA hybridization (DDH) 
value employing the genome-to-genome distance calculator (GGDC2.0; Meier-Kolthoff et al., 
2013) as well as, the calculation of the average nucleotide identity based on Blast (ANIb, Goris 
et al., 2007) and the regression of the tetranucleotide composition (tetra, Teeling et al., 2004). 
A DDH value of 21.6% (formula 2) was estimated for both “Ferrovum” genomes with the 
probability of DDH ≥ 70 % being 0 %. Their ANIb value was calculated to be 66.04 % and the 
tetra regression value was 0.61. The cut-off values for two distinct species are described to be 
DDH < 70 % (Meier-Kolthoff et al., 2013), ANIb < 95 % and tetra regression values < 0.99 
(Richter and Rosselló-Móra, 2009), respectively. Hence, taken together the 16S rRNA gene 
sequence identity of less than 98 % (Kim et al., 2014) and the results of the genome-based 
approaches substantiate the notion that strain JA12 represents a second “Ferrovum” species 
to the type species “F. myxofaciens”.  
Genome properties 
The genome of “Ferrovum” strain JA12 currently consists of three contigs with sizes 
which are 973,749 bp (termed FERRO_contig000001), 962,266 bp (FERRO_contig000002) 
and 59,722 bp (FERRO_contig000001). The gaps between these contigs are thought to 
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contain ribosomal RNA gene clusters since both ends of FERRO_contig000001 and one end 
of each of the other two contigs contain ribosomal RNA genes. The therefore nearly complete 
genome sequence of “Ferrovum” strain JA12 consists of 1.99 Mbp and contains 2,001 open 
reading frames (ORF) of which 1,960 were predicted to be protein-coding genes. The general 
genome features are summarized in Table 1. The majority of the protein-coding genes (1,462) 
were assigned to COG classifications (Supplementary Table 2, p. 173).  
 
“Ferrovum” strain JA12 has an unusually small genome in comparison not only to its 
closest relatives “F. myxofaciens” P3G (2.70 Mbp, Moya-Beltrán et al., 2014) and the 
“Ferrovum”-like population FKB7 (2.98 Mbp; Hua et al., 2015), but also to other acidophilic iron 
oxidizing bacteria that typically occur in AMD habitats, such as A. ferrooxidans ATCC 23270 
(2.98 Mbp; Valdés et al., 2008) and Leptospirillum ferrooxidans C2-3 (2.53 Mbp; Fujimura et 
al., 2012) (see also Supplementary Table 3, p. 173). The smaller genome of “Ferrovum” strain 
JA12 may be the result of a genome reduction due to the loss of metabolic functions during its 
evolution. As explained in further detail below (see section Nutrient assimilation and biomass 
production, p. 44 ) “Ferrovum” strain JA12 lacks the gene repertoires involved in nitrogen 
fixation, sulfur oxidation and utilization of organic phosphate sources in contrast to other typical 
members of AMD habitats with larger genomes such as Acidithiobacillus ferrooxidans (Valdés 
et al., 2008). The loss of these metabolic traits may be the result of an adaptation to the 
geochemistry of the habitat (pilot plant Tzschelln) or a community adaptive event as described 
Table 1: Genome properties of “Ferrovum” strain JA12. Number and percentage of protein-
coding genes assigned to the COG categories are shown in Supplementary Table 2 (p. 173). 
 Count Percentage of total (%) 
Number of contigs 3  
FERRO_contig000001 (size) 973,749 bp 48.79 
FERRO_contig000002 (size) 962,266 bp 48.22 
FERRO_contig000003 (size) 59,722 bp 2.99 
Total number of bases 1,995,737  100.00 
Gene-coding number of bases 1,850,095 92.70 
G+C content 887,765 44.48 
Total number of open reading frames 2,001 100 
Protein-coding genes 1,960 97.95 
assigned to COGs 1,462 72.77 
RNA-coding genes 41 2.05 
rRNA 4 0.20 
tRNA 36 1.80 
other 1 0.05 
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by the Black Queen Hypothesis (Morris et al., 2012). The latter states that some members of 
a microbial community might lose expensive metabolic functions as long as other members of 
the community compensate for these functions (Morris et al., 2012; Martínez-Cano et al., 
2015). However, to test these hypotheses in case of “Ferrovum” strain JA12 more genomes 
from other members of the pilot plant community are required. In any case, maintaining a 
smaller genome may be advantageous for “Ferrovum” strain JA12 with respect to a reduced 
requirement of inorganic phosphate, which often occurs in AMD in very low concentrations 
(Banks et al., 1997; Walton and Johnson, 1992). Streamlining of microbial genomes as a 
means to cope with phosphate limiting growth conditions is well known in oceanic habitats 
(Paytan and McLaughlin, 2007). 
Apart from the genome size, the G+C content appears to be another distinguishing 
feature of the two “Ferrovum” strains with that of strain JA12 (44.5 %) being 10 % lower than 
the G+C content of the type strain (54.9 %; Moya-Beltrán et al., 2014). Moreover, the Blastn-
based comparison of the genomes (in form of concatenated contigs) of the strains JA12 and 
P3G indicated differences in their genetic contents which is likely to result in variations of the 
metabolic potential of the two strains (Figure 1). 
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Figure 1: Artificial circular plot of the “Ferrovum” strain JA12 genome. The three contigs of 
“Ferrovum” strain JA12 were concatenated to form an artificial circular genome in the order 
FERRO_contig000001, FERRO_contig000002 and FERRO_contig000003 (broken lines). The origin of 
replication is not indicated. G+C content and GC skew of the genome of “Ferrovum” strain JA12 are 
shown on ring 1 and 2 from the inside, respectively. The Blastn-based whole genome comparison of 
“Ferrovum” strain JA12 and “F. myxofaciens” P3G was conducted using BRIG (Alikhan et al., 2011) with 
the genome sequence of “Ferrovum” strain JA12 set as reference (ring 3, orange). Blastn matches of 
“F. myxofaciens” P3G to the reference are shown on ring 4 (blue) with the color intensity indicating the 
sequence identity of the match.  
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Nutrient assimilation and biomass production 
Carbon dioxide fixation 
The mixed culture JA12 has successfully been cultivated under autotrophic conditions 
(Tischler et al., 2013). Based on its genome sequence, “Ferrovum” strain JA12 is able to fix 
carbon dioxide via the Calvin-Benson-Bassham (CBB) cycle (Figure 2 and Supplementary 
Table 4A, p. 174).  
 
Figure 2: Predicted nutrient assimilation pathways of carbon, nitrogen, phosphorous and sulfur 
in “Ferrovum” strain JA12. Inorganic phosphate is predicted to be taken up by the phosphate specific 
transport system (PST) and made available to the metabolism or stored as polyphosphate (Pn). A sulfate 
permease (SulP) is predicted to be responsible for the uptake of sulfate which then is activated by a 
sulfate adenylyltransferase to adenosine phosphosulfate (APS) and subsequently reduced to sulfide. 
Carbon dioxide appears to be reduced to 3-phosphoglycerate in the Calvin-Benson-Bassham cycle 
indicated by its key enzyme RuBisCO. Bicarbonate may be fixed in the carboxysome using a carbonic 
anhydrase (CA) and a RuBisCO. Strain JA12 is predicted to either take up ammonium directly by the 
ammonium transporter (AmtB) or reduce nitrate or nitrite to ammonium. No names for the nitrate and 
nitrite transporters and reductases are indicated due to contradicting nomenclature in the databases. 
Apparently, urea is taken up via an ABC transporter (Urt) and hydrolyzed to ammonia and bicarbonate 
by the urease (UreABC). The subsequent spontaneous protonation of ammonia to ammonium at circum 
neutral pH reduces the proton concentration within the cytoplasm. The energy for all metabolic 
processes seems to be derived from the oxidation of ferrous iron.  
The genome contains two copies of each, cbbS and cbbL, encoding the small and the 
large subunit of the ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO), 
respectively. One set consisting of cbbS and cbbL (FERRO_14010, FERRO_14020) is located 
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in a cluster with genes encoding other CBB cycle enzymes, such as the phosphoribulokinase 
or the transketolase. The second set (FERRO_08230, FERRO_08240) was detected within a 
cluster of genes (FERRO_08250 - FERRO_08360) predicted to encode carboxysome shell 
proteins and the carboxysome carbonic anhydrase. The presence of genes involved in the 
carboxysome formation has also been described for the type strain (Moya-Beltrán et al., 2014). 
The carboxysome is a carbon concentrating mechanism improving the efficiency of carbon 
dioxide fixation by the RuBisCO and allowing the utilization of bicarbonate as carbon source 
(Cannon et al., 2001).  
In contrast to the iron oxidizing chemolithoautophs Thiobacillus denitrificans ATCC 
25259 (Beller et al., 2006) and Acidithiobacillus ferrooxidans ATCC 23270 (Valdés et al., 2008; 
Esparza et al., 2010), which harbor copies of RuBisCO isotype I and II, both RuBisCOs in 
“Ferrovum” strain JA12 were predicted to be isoform I enzymes. Isoform II RuBisCO is also 
absent in the type strain (Johnson et al., 2014). In A. ferrooxidans ATCC 23270 (Appia-Ayme 
et al., 2006) and T. denitrificans ATCC 25259 (Beller et al., 2006) the two isoforms were found 
to be differentially expressed depending on the oxygen conditions and the electron donor 
(ferrous iron or reduced sulfur compounds) suggesting that isoform II is only produced under 
anaerobic conditions. So far anaerobic growth has neither been observed in “F. myxofaciens” 
P3G (Johnson et al., 2014) nor in “Ferrovum” strain JA12 (unpublished results) which may 
explain the lack of the RuBisCO isoform II.  
In summary, its genetic repertoire allows “Ferrovum” strain JA12 to maintain an 
autotrophic lifestyle with the inorganic carbon sources available in the pilot plant Tzschelln 
(Tischler et al., 2014). The primary product of the carbon fixation via the CBB cycle is 3-
phosphoglycerate which is predicted to be further metabolized in the pathways of the central 
carbon metabolism in order to generate precursors of bacterial biomass polymers.  
Central carbon metabolism 
The pathways of the central carbon metabolism predicted to be involved in the formation 
of amino acids, fatty acids, nucleic acids and nucleotide-activated monosaccharides in 
“Ferrovum” strain JA12 are shown in Supplementary Figure 2A (p. 174) and the corresponding 
genes are listed in Supplementary Table 4A (p. 174). Selected aspects of its central carbon 
metabolism are outlined in the following. 
The tricarboxylic acid (TCA) cycle is a central pathway in the cellular metabolism 
connecting various pathways with each other. The repertoire of TCA cycle enzymes in an 
organism has been discussed as indicative for its lifestyle (Wood et al., 2004). Comparative 
genome studies revealed that obligate chemolithoautotrophic prokaryotes are characterized 
by incomplete TCA cycles lacking the enzyme 2-oxoglutarate dehydrogenase (Cárdenas et 
al., 2010). Whereas A. ferrooxidans ATCC 23270 (Valdés et al., 2008) and other 
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chemolithoautotrophic acidophiles (Cárdenas et al., 2010) have been reported to lack the 2-
oxoglutarate dehydrogenase, the genomes of the type strain (Moya-Beltrán et al., 2014) and 
“Ferrovum” strain JA12 were predicted to encode all enzymes of the TCA cycle including the 
2-oxoglutarate dehydrogenase (Supplementary Table 4A, p. 174). Consequently, the presence 
of the 2-oxoglutarate dehydrogenase in the type strain has been discussed as the basis of a 
facultative heterotrophic lifestyle (Moya-Beltrán et al., 2014), though experimental evidence 
indicated otherwise (Johnson et al., 2014). Similarly, the neutrophilic iron oxidizers among the 
Betaproteobacteria (e.g. S. lithotrophicus ES-1, G. capsiferriformans ES-2 (Emerson et al., 
2013) or T. denitrificans ATCC 25259 (Beller et al., 2006) are obligate chemolithoautotrophs 
and also harbor the complete TCA cycle. 
Moreover, the small repertoire of predicted uptake systems for organic carbon 
compounds further supports the assumption that strain JA12 uses carbon dioxide as carbon 
source. Its genome harbors a putative urea ABC transporter, five putative ABC transport 
systems for (branched-chain or hydrophobic) amino acids and a potential ABC transporter for 
di- and oligopeptides (Supplementary Table 4B, p. 174). However, permeases for amino acids 
as predicted in A. ferrooxidans ATCC 23270 (Valdés et al., 2008) and uptake systems for 
mono- or disaccharides as described in A. caldus SM-1 (You et al., 2011) were not detected 
in the genome of “Ferrovum” strain JA12. The identified amino acid and peptide transporters 
in “Ferrovum” strain JA12 may be involved in the recycling of peptides derived from the 
turnover processes of the cell envelope as it was shown for many other bacteria (Park and 
Uehara, 2008).  
Since the massive formation of extracellular polymeric substances (EPS) in particular 
exopolysaccharides represents the most prominent phenotypic feature of the type strain 
(Johnson et al., 2014; Hedrich et al., 2011b; Hallberg et al., 2006), we focused our further 
analyses on the identification of genes putatively involved in the synthesis of 
exopolysaccharides. In this context it should be clarified that “Ferrovum” strain JA12 has not 
been observed to produce comparable amounts of EPS. However, this observation may be 
due to the fact that “Ferrovum” strain JA12 is usually cultivated at pH 2.8 to 3.0, a pH value at 
which the formation of the ferric iron oxyhydroxy sulfate mineral schwertmannite occurs in 
close proximity to the iron oxidizing cells (Hedrich et al., 2011a). Consequently, the formation 
of EPS would be difficult to detect in “Ferrovum” strain JA12. Nevertheless, we identified genes 
encoding enzymes of the nucleotide sugar metabolism that are predicted to be involved in the 
formation of dTDP-rhamnose, UDP-glucose, UDP-galactose, UDP-glucuronic acid, UDP-
galacturonic acid and UDP-mannose, all of which may serve as precursors for the synthesis 
of exopolysaccharides. These genes are organized in a gene cluster (FERRO_01000 - 
FERRO_01150) similar to the gene cluster reported to be involved in the formation of 
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exopolysaccharides in A. ferrooxidans ATCC 23270 (Barreto et al., 2005). The potential of 
“Ferrovum” strain JA12 to produce exopolysaccharides is also supported by the high number 
of glycosyltransferases encoded by its genome (Supplementary Table 4A, p. 174; 
Supplementary Figure 2B, p. 174). 
Moreover, genes encoding an acetyl-CoA acetyltransferase, an acetoacetyl-CoA 
reductase and a poly(R)-hydroxyalkanoic acid synthase presumably enable “Ferrovum” strain 
JA12 to synthesize polyhydroxybutyrate (PHB) from acetyl-CoA. The “Ferrovum” strain JA12 
genome also contains two copies of a gene predicted to encode a polyhydroxyalkanoate 
depolymerase which catalyzes the hydrolysis of PHB (Supplementary Table 4A, p. 174; 
Supplementary Figure 2B, p. 174). PHB serves as organic carbon storage compound under 
growth limiting conditions in many bacteria (Merrick, 1978; Jendrossek and Pfeiffer, 2014).  
Nitrogen 
Based on its gene repertoire, “Ferrovum” strain JA12 appears to be able to assimilate 
nitrogen from various sources including ammonium, nitrate and urea (Figure 2 and 
Supplementary Table 4B, p. 174) (Mosler et al., 2013). But unlike the type strain “F. 
myxofaciens” P3G (Johnson et al., 2014), “Ferrovum” strain JA12 does not fix molecular 
nitrogen by the standard pathway since its genome does not encode the nitrogenase nor any 
other nif-genes.  
We hypothesize that “Ferrovum” strain JA12 can take up ammonium by an ammonium 
transporter of the AmtB family and incorporate it to glutamate using a glutamine synthetase, 
thereby making it available for the production of biomass.  
The identification of a gene cluster (FERRO_17980 - FERRO_18020) predicted to 
encode transporters and reductases for nitrate and nitrite indicates the potential of “Ferrovum” 
strain JA12 to reduce nitrate. Since the nitrate reductase appeared to lack transmembrane 
helices and because the gene cluster in which it is embedded lacks the other subunits of the 
membrane-bound respiratory nitrate reductase complex (Moreno-Vivián et al., 1999; Stolz and 
Basu, 2002), we propose that nitrate does not serve as alternative terminal electron acceptor. 
Instead, the predicted nitrate reductase contains the conserved domain occurring in 
assimilatory nitrate reductases (NCBI: cd02754) and it shares a protein sequence identity of 
73 % with the assimilatory nitrate reductase of S. lithotrophicus ES-1 (Slit_0160) (Emerson et 
al., 2013). Hence, the gene cluster apparently enables “Ferrovum” strain JA12 to reduce nitrate 
to ammonium and to utilize it as an alternative nitrogen source as has also been predicted for 
the “Ferrovum”-like population FKB7 (Hua et al., 2015). This proposed scenario is further 
supported by the presence of the predicted cytoplasmic assimilatory nitrite reductase in the 
same gene cluster.  
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We also identified a gene cluster that was predicted to encode a putative urea ABC 
transporter (urtABCDE), the urease subunits (ureABC) and the urease accessory proteins 
(ureH, ureJ, ureEFG) (Figure 3A). While ureJ encodes a Ni2+-uptake transporter, the other 
urease accessory proteins are predicted to be involved in the assembly of the Ni2+-containing 
metallo-centre of the catalytically active urease. Urease has been shown to hydrolyze urea to 
ammonia and bicarbonate in a number of organisms (Mobley and Hausinger, 1989). Since 
ammonia is present as ammonium at cytoplasmic pH (thought to be circum neutral) the urease 
synthesis may promote the utilization of urea as an alternative nitrogen source in “Ferrovum” 
strain JA12.  
In addition, carbonic anhydrases associated with carboxysomes in other organisms 
(Cannon et al., 2001) may also facilitate the use of bicarbonate, derived from urea hydrolysis, 
as a carbon source (Figure 2). Alternatively, urease activity in “Ferrovum” strain JA12 may also 
play an important role in pH homeostasis (see below, section Strategies to adapt to acidic 
environments, high metal loads and oxidative stress, p. 55). 
The presence and physiological relevance of the urease encoding gene cluster is known 
for the phototrophic iron oxidizing Alphaproteobacteria Rhodopseudomonas palustris (Larimer 
et al., 2004) and Rhodobacter capsulatus (Masepohl et al., 2001). But with exception of the 
draft genome sequence of the “Ferrovum”-like population FBK7 (Hua et al., 2015), a gene 
cluster encoding homologous genes has so far neither been detected in any other iron 
oxidizing Betaproteobacteria nor in the genomes of any acidophilic iron oxidizing 
Gammaproteobacteria or Acidithiobacillia. The organization of the gene cluster in “Ferrovum” 
strain JA12 was highly similar to that of the soil bacterium Cupriavidus basilensis OR16 (Figure 
3B), which was striking given the fact that the composition and structure of the urease encoding 
gene clusters appeared to be in general not conserved among the bacteria included in the 
comparison.  
Based on the chemical composition of the inflow to the pilot plant, ammonium presents 
the main source of nitrogen for “Ferrovum” strain JA12 and, thus, the lack of the ability to fix 
molecular nitrogen may be of no disadvantage. The nitrate and urea content was not 
determined in the pilot plant water. However, traces of urea in the AMD waters of the lignite 
mining site may be generated by bioweathering processes of the fossil organic matter in the 
lignite similar to bioweathering of the organic matter in copper shales (Matlakowska and 
Skłodowska, 2011; Matlakowska et al., 2012). 
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Figure 3: Urease-encoding gene clusters in “Ferrovum” strain JA12 and representative bacteria 
belonging to other taxa. The structure of the urease gene cluster in the genome of “Ferrovum” strain 
JA12 (A) was compared to urease encoding gene clusters of other urease active bacteria (B). With the 
exception of Nitrosospira multiformis ATCC 25196, which appears to use a urea-specific permease, 
urea is taken up via an ABC transport system (green), consisting of a periplasmic urea binding protein 
(urtA), two permeases (urtBC) and two ATP-hydrolyzing enzymes (urtDE). The genes predicted to 
encode the three urease subunits (ureABC, orange), the Ni2+ transporter (ureJ, dark blue) and the 
urease accessory proteins (ureH, ureEFG, light blue) are often co-localized with the urea transporter. 
The accessory proteins encoded by ureH and ureD are thought to fulfill the same function during the 
formation of the active urease. Genes encoding other proteins involved in nitrogen metabolism are 
shown in grey. The location of potential promotors (red) were predicted using FGENESB.  
Phosphate 
Seven genes of the pho-regulon were predicted in the “Ferrovum” strain JA12 genome 
(Supplementary Table 4C, p. 174). This regulon is widespread and highly conserved among 
bacteria (Hsieh and Wanner, 2010) and it presumably enables strain JA12 to take up inorganic 
phosphate via a phosphate specific ABC transporter. We hypothesize that the expression of 
the transporter genes pstSABC is regulated by a system involving a histidine sensor kinase 
(PhoR), a transcription factor (PhoB) and an inhibitory protein (PhoU) as has been described 
in other organisms (Hsieh and Wanner, 2010). Inorganic phosphate may be stored as 
polyphosphate involving a polyphosphate kinase and an exopolyphosphatase for the synthesis 
and hydrolysis of polyphosphates, respectively (Figure 2). 
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Inorganic phosphate was not detectable in the pilot plant Tzschelln (Tischler et al., 2014) 
suggesting that its concentration was very low and may be growth limiting. Hence, the ability 
to utilize organic phosphate sources such as phosphonates as reported for A. ferrooxidans 
ATCC 23270 (Valdés et al., 2008) should be advantageous. However, genes predicted to 
encode specific ABC transporters and C-P-lyases (i.e. phn-genes) for the uptake and cleavage 
of phosphonates, respectively (Hsieh and Wanner, 2010), were not detected in the genome of 
“Ferrovum” strain JA12 and they were also absent in the type strain. Other community 
members in the pilot plant may provide phosphate via the utilization of phosphonates, as would 
be suggested by the Black Queen hypothesis (Morris et al., 2012). This may therefore 
represent a similar scenario to the generation of fixed nitrogen sources by a small fraction of 
community members that has been reported for other AMD habitats (Tyson et al., 2004; 
Méndez-García et al., 2015).  
Sulfate 
Sulfate represents one of the most abundant ion species in the inflow to the pilot plant 
Tzschelln (Tischler et al., 2014). It appears to serve as sulfur source for “Ferrovum” strain 
JA12. Analysis of the genome of “Ferrovum” strain JA12 suggests the uptake of sulfate by a 
sulfate permease of the SulP-type (FERRO_00170) and the assimilation via the adenosine 
phosphosulfate (APS) pathway as has also been predicted for A. ferrooxidans ATCC 23270 
(Valdés et al., 2003) (Figure 2 and Supplementary Table 4D, p. 174). First, sulfate could be 
activated to APS by the sulfate adenylyltransferase and subsequently reduced to sulfite by the 
APS reductase. Sulfite is predicted to be further reduced to sulfide by a ferredoxin-dependent 
sulfite reductase encoded by sir (FERRO_11530) unlike A. ferrooxidans that is predicted to 
reduce sulfite using a NADH-dependent sulfite reductase encoded by cysJI (Valdés et al., 
2003). A gene homologous to sir was also detected in the genomes of the type strain, S. 
lithotrophicus ES-1, T. denitrificans ATCC 25259 and G. capsiferriformans ES-2. Finally, 
sulfide may be transferred to acetyl serine to form cysteine catalyzed by the enzyme cysteine 
synthase. Acetyl serine is predicted to be generated by the serine O-acetyltransferase.  
However, in contrast to A. ferrooxidans ATCC 23270 (Valdés et al., 2008) the genome 
of “Ferrovum” strain JA12 seems not to encode an APS kinase for the alternative activation of 
sulfate to phosphoadenosine phosphosulfate (PAPS) and subsequent reduction to sulfide via 
the PAPS pathway.  
 
Energy metabolism 
Ferrous iron oxidation 
Both “Ferrovum” strain JA12 and the type strain appear to gain the energy for all 
metabolic processes and biomass production from the aerobic oxidation of ferrous iron. 
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Predicted redox proteins in “Ferrovum” strain JA12 were compared to redox proteins known to 
be involved in the iron oxidation in other prokaryotes (Table 2, p. 52) placing special emphasis 
on the well-studied processes in A. ferrooxidans.  
In A. ferrooxidans ferrous iron is oxidized in the outer membrane via the high molecular 
mass cytochrome Cyc2 (Valdés et al., 2008; Appia-Ayme et al., 1999). The small copper 
protein rusticyanin transfers electrons from Cyc2 either downhill via Cyc1 to the aa3-type 
terminal oxidase, where reduction of oxygen takes place, or uphill via CycA-1 and the bc1 
complex to the NADH-quinone oxidoreductase complex (Valdés et al., 2008; Quatrini et al., 
2006; Bruscella et al., 2007). The inferred model of the potential electron transfer processes 
in “Ferrovum” strain JA12 is shown in Figure 4 (see also Supplementary Table 4E, p. 174). 
 
Figure 4: Predicted electron transfer from ferrous iron to the terminal electron acceptors in 
“Ferrovum” strain JA12. Ferrous iron is probably oxidised at the cell surface by a high molecular mass 
cytochrome (Cyc2-like). The relevance of the identified high potential iron-sulfur protein (HiPIP) in this 
process remains unknown. The electrons appear to be further transferred via soluble c-type 
cytochromes in the periplasm either uphill driven by the proton motive force to the bc1 complex and 
NADH dehydrogenase to produce reduction equivalents (NAD(P)H), or downhill via the cbb3-type 
cytochrome c oxidase or alternatively via one of the quinol oxidases (cytochrome bd complex, 
cytochrome bo3 ubiquinol oxidase) to the terminal acceptor oxygen. The reduction of oxygen to water at 
the terminal oxidases neutralizes protons entering the cell during ATP synthesis via the ATP synthase 
(F0F1). The terminal oxidases bo3 and cbb3 pump protons into the periplasm driven by the downhill 
electron transfer to oxygen. Since the identity of the quinol derivates produced by “Ferrovum” strain 
JA12 was not investigated QH2 represents the reduced form and Q the oxidized form of the quinol 
derivative, respectively. The genome also encodes other potential oxidoreductases which could channel 
electrons into the quinol pool (e.g. sulfide quinone oxidoreductase (SQR), electron transfer flavoprotein 
oxidoreductase (ETF), succinate dehydrogenase (SDH) of the citrate cycle). 
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The genome of “Ferrovum” strain JA12 was predicted to encode a high molecular mass 
cytochrome (Cyc2-like; FERRO_13930) that had a sequence identity of 29 % to the 
homologous protein Cyc2 of A. ferrooxidans ATCC 23270 (AFE_3153). Furthermore, the 
similar pattern of hydrophobic transmembrane helices and hydrophilic regions of both proteins 
(Supplementary Figure 3A, p. 176) suggests a similar localization of the Cyc2-like protein in 
the outer membrane of “Ferrovum” strain JA12 (Valdés et al., 2008; Appia-Ayme et al., 1999). 
The type strain was also thought to involve a Cyc2-like cytochrome in the ferrous iron oxidation 
(Moya-Beltrán et al., 2014).  
However, an alternative iron oxidation reaction was proposed for the “Ferrovum”-like 
population FKB7 based on the draft genome sequence assembled from metagenomics reads 
(Hua et al., 2015). FKB7 was predicted to oxidize ferrous iron via the iron oxidase-like high 
potential iron-sulfur protein that shares a sequence identity of 26 % to the iron oxidase Iro of 
A. ferrivorans SS3 (Acife_3266) and of 32 % to high potential iron-sulfur protein Hip in A. 
ferrooxidans ATCC 23270 (AFE_2732). While Iro has been shown to be involved the ferrous 
iron oxidation, Hip is more likely involved in the oxidation of reduced sulfur compounds 
(Quatrini et al., 2006; Amouric et al., 2011; Bruscella et al., 2007). The genome of “Ferrovum” 
strain JA12 was predicted to encode a homologous high potential iron-sulfur protein 
(FERRO_02670) which shares 71 % sequence identity with the iron oxidase-like protein in 
FKB7. However, a phylogenetic comparison of the amino acid sequences of the predicted high 
potential iron-sulfur protein of strain JA12 (FERRO_02670) with those of Iro from A. ferrivorans 
SS3 and Hip from A. ferrooxidans ATCC 23270 did not provide supporting evidence for its 
involvement in the ferrous iron oxidation in strain JA12 as hypothesized for FKB7 
(Supplementary Figure 4A, p. 176). 
Since no homologous protein to rusticyanin of A. ferrooxidans (AFE_3146) could be 
detected in the genome of “Ferrovum” strain JA12, we hypothesize that the electrons from 
ferrous iron oxidation may be passed directly from the Cyc2-like cytochrome in the outer 
membrane via soluble c-type cytochromes in the periplasm to the respiratory complexes in the 
inner membrane. The c-type cytochromes (CytC, FERRO_02680; CytC, FERRO_02750) were 
identified using the protein sequences of Cyc1 (AFE_3152) and CycA-1 (AFE_3107) of A. 
ferrooxidans. Both were predicted to be soluble proteins in contrast to Cyc1 (Supplementary 
Figure 3B, p. 176). Possibly, one of the c-type cytochromes in “Ferrovum” strain JA12 transfers 
the electrons downhill to the terminal oxidase while the other passes the electrons to the uphill 
branch similar to Cyc1 and CycA-1 in A. ferrooxidans ATCC 23270 (Valdés et al., 2008; 
Quatrini et al., 2006; Bruscella et al., 2007). However, a phylogenetic comparison to Cyc1 and 
CycA-1 did not allow to assign these specific roles to the c-type cytochromes in “Ferrovum” 
strain JA12 (Supplementary Figure 4B, p. 176).  
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The terminal electron acceptor of the downhill branch is oxygen. In contrast to A. 
ferrooxidans ATCC 23270, which was reported to use an aa3-type cytochrome c oxidase as 
terminal oxidase (Valdés et al., 2008; Quatrini et al., 2006; Bruscella et al., 2007), “Ferrovum” 
strain JA12 was predicted to reduce oxygen via a cbb3-type cytochrome c oxidase similar to 
the neutrophilic iron oxidizers Mariprofundus ferrooxydans PV-1 (Singer et al., 2011) and S. 
lithotrophicus ES-1 (Liu et al., 2012) and similar to the acidophiles “F. myxofaciens” P3G 
(Moya-Beltrán et al., 2014) and Leptospirillum ferriphilum ML-4 (Tyson et al., 2004). Although 
only genes predicted to encode the subunits I and II of the cbb3-type cytochrome c oxidase 
were identified in the genome of “Ferrovum” strain JA12, one of the co-localized c-type 
cytochromes (FERRO_02610, FERRO_02510) could substitute the missing subunit III, which 
also represents a c-type cytochrome (Preisig et al., 1996) (Supplementary Figure 4C, p. 176).  
Furthermore, two alternative terminal oxidases were predicted that use quinol as electron 
donor instead of the soluble c-type cytochromes: the cytochrome bo3 ubiquinol oxidase and 
the cytochrome bd complex.  
“Ferrovum” strain JA12 presumably generates reduction equivalents for biosyntheses 
similar to A. ferrooxidans transferring electrons from the c-type cytochrome in the periplasm 
via the bc1 complex and the quinol pool to the NADH-quinone oxidoreductase complex (Valdés 
et al., 2008; Quatrini et al., 2006; Bruscella et al., 2007). In acidophilic iron oxidizers this uphill 
electron transfer from ferrous iron to NAD(P)+ is driven by the proton motive force which is 
provided by the natural proton gradient between the environment and the cytoplasm (Quatrini 
et al., 2009; Ingledew, 1982; Holmes and Bonnefoy, 2007).  
Other redox reactions connected to the quinol pool 
The genome analysis revealed further electron transferring proteins that may channel 
electrons into the quinol pool including the predicted succinate dehydrogenase as well as a 
predicted electron transfer flavoprotein (ETF) and a predicted flavoprotein dehydrogenase 
(ETF ubiquinone oxidoreductase) (Figure 4 and Supplementary Table 4E, p. 174).  
Based on the protein sequence analysis no specific function could be inferred for the 
ETF and its dehydrogenase in “Ferrovum” strain JA12. However, the co-localization of the ETF 
subunits encoding genes with genes predicted to encode an acetyl-CoA acyltransferase 
(FERRO_16660) and a 3-hydroxyacyl-CoA dehydrogenase (FERRO_16670) may indicate an 
involvement in the fatty acid metabolism.  
Furthermore, the genes putatively encoding a sulfide:quinone oxidoreductase and a 
rhodanese-like protein were detected in the direct neighborhood of the cytochrome bd complex 
encoding genes. The sulfide:quinone oxidoreductase and the rhodanese-like protein have 
been shown to be involved in the oxidation of reduced sulfur compounds in A. ferrooxidans 
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ATCC 23270 (Quatrini et al., 2009). Due to the lack of a pure culture of “Ferrovum” strain JA12 
we could not test its ability to oxidize reduced sulfur compounds. However, the genome of 
“Ferrovum” strain JA12 seems to lack genes encoding other proteins that are additionally 
required for the oxidation of sulfur compounds in A. ferrooxidans (hdr, heterodisulfide 
reductase; sreABCD, sulfur reductase Osorio et al., 2013) and in T. denitrificans (sox-operon, 
sulfur oxidation; dsr-operon, dissimilatory sulfate reduction; Beller et al., 2006). Taking 
furthermore into account, that the type strain was shown to be unable to use sulfur compounds 
as electron donor (Johnson et al., 2014) despite encoding a putative sulfide:quinone 
oxidoreductase, it seems unlikely that “Ferrovum” strain JA12 uses sulfur compounds as 
electron donor.  
Predicted formate dehydrogenase 
The genome analysis of “Ferrovum” strain JA12 also revealed a cluster of genes 
predicted to encode the β-, α-, and δ-subunits of a formate dehydrogenase H and a formate 
dehydrogenase accessory protein (Supplementary Table 4, p. 174). These genes, which are 
adjacent to a transposase (FERRO_08080), were not detected in the genome of the type 
strain.  
The lack of any hydrogenase-encoding genes in “Ferrovum” strain JA12 suggested its 
inability to form the hydrogen-evolving formate hydrogenlyase complex as described for A. 
ferrooxidans ATCC 23270 (Valdés et al., 2008). Thus, the formate dehydrogenase in 
“Ferrovum” strain JA12 is presumed to play a different yet unknown role. 
According to a Blastp search against the NCBI non-redundant database the best hit for 
the catalytically active α-subunit of the “Ferrovum” strain JA12 enzyme (FERRO_08040) was 
the homologous protein of Pseudogulbenkiania ferrooxidans 2002 (FuraDRAFT_2186). Both 
proteins share a sequence similarity of 79 % and their encoding genes are located in similarly 
structured gene clusters. Since P. ferrooxidans is a nitrate-dependent iron oxidizer (Byrne-
Bailey et al., 2012) its formate dehydrogenase may be involved in the nitrate respiration 
potentially delivering electrons via the quinol pool as is has been discussed in other bacteria 
(Jormakka et al., 2003; Soboh et al., 2011). Although we were not able to test a nitrate-
dependent anaerobic growth in “Ferrovum” strain JA12, due to the lack of pure culture, a similar 
scenario for “Ferrovum” strain JA12 seems unlikely since no genes predicted to encode the 
respiratory nitrate reductase were identified in its genome. 
Strategies to adapt to acidic environments, high metal loads and oxidative stress 
Acidic environment 
“Ferrovum” strain JA12 appears to employ strategies to maintain the internal cytoplasmic 
pH that act at various cellular levels as proposed by (Baker-Austin and Dopson, 2007; 
Slonczewski et al., 2009): (i) the prevention of uncontrolled influx of protons, (ii) the active 
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discharge of protons and buffering of the cytoplasmic pH and (iii) the repair of damages to 
biomolecules caused by high intracellular proton concentrations (Figure 5A and 
Supplementary Table 4F, p. 174).  
 
Figure 5: Predicted stress management strategies in “Ferrovum” strain JA12. “Ferrovum” strain 
JA12 appears to employ strategies acting at different levels to maintain the intracellular pH homeostasis 
(A, green). Uncontrolled proton influx could be inhibited by incorporating cyclopropane fatty acyl 
phospholipids (Cfa) in the membrane or by building up an inside positive membrane potential by the 
increased uptake of K+-ions (Kef, FkuB). Apparently, the complexes of the respiratory chain (bc1, bo3, 
cbb3) contribute to the active discharge of protons. Furthermore, “Ferrovum” strain JA12 is predicted to 
buffer protons by the decarboxylation of arginine (Adi), phosphatidylserine (Psd) or aspartate (PanD) 
and by the hydrolysis of urea via the urease (Ure). Damaged proteins appear to be restored by a number 
of chaperones. “Ferrovum” strain JA12 could cope with the high concentrations of metal and metalloid 
ions (B, light blue) either using specific systems like the copper efflux pump (CopA) or arsenate 
reductase (ArsC) and the arsenite efflux pump. Alternatively, more general multidrug transport systems 
of the RND family involving an efflux pump (RND), membrane fusions proteins (MFP) and an outer 
membrane protein (OMP) could be used to extrude metal ions. Oxidative stress (C, orange) is apparently 
managed by the detoxification of reactive oxygen species (ROS) using a superoxide dismutase (SOD) 
or thiol peroxidases and ferritin. Damaged proteins could be repaired in the cytoplasm using a 
thioredoxin (TrxA)/ thioredoxin reductase (TrxB)-dependent system or via the thiol:disulfide interchange 
proteins (DsbA, DsbD) in the periplasm. Damaged lipids may be restored by the peroxiredoxin (AhpC)/ 
alkyl hydroperoxide reductase (AhpF)-dependent system or by the glutathione peroxidase (Gpx). 
“Ferrovum” strain JA12 could use glutathione (GSH)-dependent systems to restore the redox balance, 
though it remains unclear how glutathione disulfide (GSSG) is recycled. A wide repertoire of DNA repair 
systems is predicted serve in the repair of damaged DNA (see also Supplementary Table 4F, p. 174).  
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The membrane structure is considered to be a very important aspect of blocking proton 
influx (Baker-Austin and Dopson, 2007; Slonczewski et al., 2009). Bacteria can prevent 
uncontrolled proton influx by increasing the fraction of saturated fatty acids (A. caldus: 
(Mangold et al., 2013), or by incorporating cyclopropane fatty acids, a strategy that has been 
found in many neutrophiles (Grogan and Cronan, 1997; Chang and Cronan, 1999; Hayes et 
al., 2006). In the “Ferrovum” strain JA12 genome two copies of a cyclopropane fatty acyl 
phospholipid synthase were detected potentially allowing the synthesis and incorporation of 
cyclopropane fatty acyl phospholipids into the membrane. A characteristic strategy of 
acidophiles to further inhibit the influx of protons is the maintenance of a reversed membrane 
potential (inside positive membrane potential) by increasing the influx of K+-ions (Chen et al., 
2015; Baker-Austin and Dopson, 2007; Slonczewski et al., 2009). The genome of “Ferrovum” 
strain JA12 harbors four genes predicted to encode K+-transporters potentially involved in 
establishing an inside positive membrane potential.  
The discharge of excess protons by protons pumps, antiporters or symporters is 
described to be another important strategy of acidophiles to maintain pH homeostasis (Baker-
Austin and Dopson, 2007). However, in contrast to the acidophiles A. ferrooxidans ATCC 
23270 (Valdés et al., 2008), Leptospirillum group II (Tyson et al., 2004) or Picrophilus torridus 
DSM 9790 (Fütterer et al., 2004) “Ferrovum” strain JA12 appears to lack genes encoding 
Na+/H+-antiporters. Nevertheless, like the other acidophiles (Baker-Austin and Dopson, 2007) 
“Ferrovum” strain JA12 presumably still uses the proton pumping activity of the respiratory 
chain complexes of the downhill branch to extrude protons from the cytoplasm. Furthermore, 
the proton influx from the ATP synthase could be compensated by the consumption of protons 
during the reduction of oxygen at the terminal oxidase.  
Due to the lack of Na+/H+-antiporters cytoplasmic buffering presumably may be of special 
relevance for “Ferrovum” strain JA12 to cope with excess protons. In this context amino acid 
decarboxylases for arginine, aspartate and phosphatidylserine as well as a spermidine 
synthase were identified. Amino acid decarboxylases and the spermidine synthase are 
involved in the generation of polyamines which are known to provide a cytoplasmic buffering 
capacity (Baker-Austin and Dopson, 2007; Slonczewski et al., 2009). The physiological 
relevance of the spermidine synthase has recently been shown for A. caldus in response to 
suboptimal pH values (Mangold et al., 2013). Furthermore, “Ferrovum” strain JA12 may also 
benefit from the buffering capacity of polyphosphates (Slonczewski et al., 2009; Moriarty et al., 
2006; Seufferheld et al., 2008) or of the products of the urea hydrolysis as described for the 
gastric pathogens Helicobacter pylori (Eaton et al., 1991) and Yersinia enterolytica (Young et 
al., 1996). While ammonia may buffer one proton in the cytoplasm by forming ammonium, the 
bicarbonate could be directed to the carbon fixation in the carboxysome of “Ferrovum” strain 
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JA12 (Figure 2). Among iron oxidizing bacteria this is a so far unique strategy for the adaption 
to acidic environments.  
The genome of “Ferrovum” strain JA12 was also predicted to harbor a wide repertoire of 
chaperones and DNA repair systems (see also section Oxidative stress, p. 59) presumably 
involved in the repair of proteins and DNA damaged due to disturbances of the intracellular pH 
homeostasis (Baker-Austin and Dopson, 2007; Slonczewski et al., 2009; Ram et al., 2005).  
Strategies to cope with high metal and metalloid loads 
AMD waters are usually also characterized by high concentrations of metal and metalloid 
ions which are particularly well liberated from ores at low pH. The inflow of the pilot plant 
Tzschelln was reported to contain, apart from iron, also other heavy metal ions (manganese 
6.3 mg/l, nickel 0.081 mg/l, zinc 0.18 mg/l) (Tischler et al., 2014) and arsenite (0.031 mg/l). We 
hypothesize a potential arsenate detoxification mechanism in “Ferrovum” strain JA12 that 
appears to be relatively similar to that described for A. ferrooxidans (Butcher et al., 2000; 
Butcher and Rawlings, 2002) and other bacteria (Mukhopadhyay and Rosen, 2002) (Figure 5B 
and Supplementary Table 4F, p. 174). Apparently, “Ferrovum” strain JA12 is able to use an 
arsenate reductase to reduce arsenate to arsenite which may then be exported by an arsenite 
transporter. The genes predicted to encode the arsenate reductase (ArsC) and the arsenic 
resistance protein ArsH are located in a small gene cluster while the genes predicted to encode 
a putative arsenite transporter and a transcriptional regulator of the ArsR family are organized 
in a second cluster.  
The genome of “Ferrovum” strain JA12 also harbors a predicted mercuric reductase 
(FERRO_17870) catalyzing the reduction of Hg(II) to the volatile Hg0, but apparently no other 
genes of the mer-operon or a homologous protein to the transcriptional regulator MerR 
(Nascimento and Chartone-Souza, 2003; Boyd and Barkay, 2012). Furthermore, we identified 
a putative copper exporting ATPase CopA (FERRO_10410) in the genome of “Ferrovum” 
strain JA12. 
Apart from these specific tolerance mechanisms eleven putative cation/multidrug or 
heavy metal efflux pumps of the RND family (Tseng et al., 1999) were detected 
(Supplementary Table 4F, p. 174). Five of them seem to be involved in the formation of a 
protein complex consisting of the RND family pump, a membrane fusion protein (MFP) (Dinh 
et al., 1994) and an outer membrane factor (OMF) subunit (Wong et al., 2001). Heavy metals 
could then be exported across the membranes in a single energy consuming step through a 
channel formed by the MFP that spans across the inner and the outer membrane formed by 
the MFP (Figure 5B).  
Chapter III: Genome of “Ferrovum” sp. JA12 
 
- 59 - 
 
In addition to these active tolerance strategies “Ferrovum” strain JA12 may also benefit 
from passive metal tolerance mechanisms that are associated with life in acidic mining 
environments (Dopson and Holmes, 2014). Among these are the decreased concentration of 
free metal ions due to the complexation by sulfate ions (Dopson and Holmes, 2014), the 
reversed membrane potential of acidophiles (Baker-Austin and Dopson, 2007; Slonczewski et 
al., 2009) (see also section Acidic environment, p. 55) and the competition of the surface 
binding sites between metal ions and protons at low pH (Heijerick et al., 2002).  
Overall, the metal concentrations of the pilot plant appeared to be low in comparison to 
other habitats (Dopson et al., 2003). However, it should be noted that other “Ferrovum” strains 
have also been detected in habitats with higher concentrations of dissolved heavy metal ions 
such as copper (35 mg/l) and zinc ions (50 mg/l) (Hallberg et al., 2006), cadmium (0.3 mg/l; 
Fabisch et al., 2013), cobalt (0.37 mg/l; Santofimia et al., 2013) and arsenic (2.2 mg/l; 
Gonzalez-Toril et al., 2011).  
Oxidative stress 
Acidophilic iron oxidizers are in constant danger of oxidative stress and damages caused 
by reactive oxygen species (ROS) due to the high concentration of redox-active metals like 
iron in their natural environments and, at the same time, their need of high oxidation rates in 
order to maintain the cellular metabolism (Walling, 1975; Imlay, 2013). ROS such as hydrogen 
peroxide, the superoxide radical or the hydroxy radical cause either direct oxidative damage 
to DNA, proteins and membranes or indirect damage via the formation of organic peroxides 
from alcoholic groups. The genome analysis indicates that “Ferrovum” strain JA12 is equipped 
with a wide repertoire of genes putatively involved in the detoxification of ROS and the repair 
of damaged biomolecules (Figure 5C and Supplementary Table 4F, p. 174). 
“Ferrovum” strain JA12 appears to convert superoxide radicals into hydrogen peroxide 
using the predicted superoxide dismutase of the manganese/iron type. The resulting hydrogen 
peroxide may then be detoxified via a DNA-binding ferritin-like protein or via one of the two 
thiol peroxidases (atypical 2-Cys-peroxiredoxin, 1-Cys-peroxiredoxin) similar to the 
acidophiles Sulfolobus solfataricus (Maaty et al., 2009), Acidithiomicrobium spp., 
Alicyclobacillus spp. and Sulfobacillus spp. (Cárdenas et al., 2012). The peroxiredoxins are 
described as typical markers for oxidative stress which oxidize hydroperoxides via conserved 
cysteine residues (Poynton and Hampton, 2014).  
In case of oxidative damage to its DNA “Ferrovum” strain JA12 was predicted to use 
repair systems similar to those described for other acidophiles including the base excision 
repair, nucleotide excision repair, mismatch repair and the classical RecA/LexA-dependent 
SOS response. 
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The base excision repair was predicted to involve a DNA-3-methyladenine glycosylase, 
an A/G-specific DNA-adenine glycosylase and a predicted endonuclease III in “Ferrovum” 
strain JA12. The nucleotide excision repair appears to be achieved via the classic excinuclease 
UvrABC and may further be complemented by a transcription-repair coupling factor, an ATP-
dependent DNA helicase and a nudix hydrolase family enzyme. The latter has been described 
to be involved in the degradation of oxidized, potentially mutagenic nucleotides (McLennan, 
2006). With respect to the DNA mismatch repair “Ferrovum” strain JA12 apparently 
supplements the conserved minimal complex consisting of MutL and MutS by a T/G mismatch-
specific endonuclease.  
Apart from DNA, the sulfur containing residues cysteine and methionine in proteins are 
sensitive to oxidative damage. The genome of “Ferrovum” strain JA12 was predicted to harbor 
several repair systems to restore the original redox state of cysteine residues in proteins. The 
classical thioredoxin/thioredoxin reductase system appears to be represented by multiple 
copies of thioredoxin encoding genes and a thioredoxin reductase encoding gene. The 
thiol:disulfide interchange proteins DsbA and DsbD were predicted to be involved in oxidative 
protein folding in the periplasm as described in other bacteria (Collet and Bardwell, 2002) and 
they have also been discussed to be part of the oxidative stress response in the acidophiles 
Acidithiobacillus spp., A. cryptum, and Leptospirillum spp. (Cárdenas et al., 2012). In contrast 
to many other acidophiles (Cárdenas et al., 2012) the “Ferrovum” strain JA12 genome 
appeared neither to encode the methionine-S-sulfoxide reductase MsrA nor the methionine-R-
sulfoxide reductase MsrB to cope with oxidatively damaged methionine. 
The removal of organic peroxides was predicted to be mediated by peroxiredoxins 
(AhpC). While five of the six ahpC-gene copies were distributed in the genome, one copy 
(FERRO_08490) was found to be co-located with the gene predicted to encode the alkyl 
hydroperoxide reductase (AhpF, FERRO_08500) which is likely involved in restoring the active 
state of the peroxiredoxins. Furthermore, “Ferrovum” strain JA12 may use glutathione-
dependent systems to cope with damaged proteins and lipids, such as the glutathione 
peroxidase. Genes involved in the glutathione biosynthesis (glutamate-cysteine ligase, the 
glutathione synthase, γ-glutamyltransferase) were identified, but it remains unclear how 
“Ferrovum” strain JA12 regenerates glutathione from glutathione disulfide since its genome 
apparently lacks a gene encoding the NAD(P)H-dependent glutathione reductase.  
Horizontal gene transfer 
A range of mobile genetic elements was predicted in the genome of “Ferrovum” strain 
JA12 including 22 transposases and eight integrases representing at least ten different 
insertion element classes, twelve phage-related proteins, three proteins putatively involved in 
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plasmid stabilization and inheritance, and the predicted mobile mystery proteins A and B 
(TIGR02612, TIGR02613) (Supplementary Table 4G, p. 174).  
Furthermore, genes predicted to encode homologous proteins to the VirB/D4 secretion 
system were detected at three different loci in the genome of “Ferrovum” strain JA12 
(Supplementary Figure 5, p. 179). The VirB/D4 secretion system is a subclass of the type IV 
secretion system named after the type IV secretion system in Agrobacterium tumefaciens 
(Wallden et al., 2010). Locus 1 in the genome of strain JA12 was predicted to encode ten of 
the twelve VirB/D4 proteins of A. tumefaciens which were found to be arranged in a slightly 
different order in comparison to A. tumefaciens. However, the genes encoding a lytic 
transglycosylase (VirB1) and the lipoprotein VirB7 were not identified in the cluster of locus 1. 
The second locus was also predicted to harbor the nearly complete set of VirB/D4 proteins, 
again missing the genes encoding VirB1 and B7, while the third locus only contained the genes 
encoding VirB5 and B6. According to studies in A. tumefaciens all 12 proteins are necessary 
to form the functional secretion system (Berger and Christie, 1994; Mossey et al., 2010). 
Hence, it remains unclear whether “Ferrovum” strain JA12 may harbor a functional type IV 
secretion system and a functional conjugational machinery. However, the co-localized 
integrase in locus 1 may indicate that the VirB/D4 encoding genes in “Ferrovum” strain JA12 
are part of an integrative and conjugative element (ICE) which has been reported to often 
contain the genes of the type IV secretions system (Chandran and Waksman, 2015).  
The presence of both predicted mobile genetic elements and genes putatively associated 
with conjugational DNA-transfer in an otherwise small genome may indicate that horizontal 
gene transfer (HGT) via transduction and conjugation may have played an important role in 
the genome evolution and for the acquisition of metabolic traits in “Ferrovum” strain JA12. 
Conclusions 
The genomic approach successfully extended our current knowledge of the physiological 
capacity of the genus “Ferrovum” by providing a comprehensive description of the metabolic 
potential of the novel “Ferrovum” strain JA12. Apparently, “Ferrovum” strain JA12 is able to 
maintain a chemolithoautotrophic lifestyle by utilizing available carbon, nitrogen, sulfur, 
phosphate and energy sources in the pilot plant Tzschelln. The absence of proton symporters 
and antiporters may explain why “Ferrovum” has been observed to prefer higher pH values 
than other acidophiles such as Acidithiobacillus spp. and Leptospirillum spp.. The 
distinguishing genome and metabolic features between the type strain “F. myxofaciens” P3G 
and “Ferrovum” strain JA12 indicate a metabolic diversity within the genus “Ferrovum” that 
may be the fundament for the widespread distribution of these acidophiles. Furthermore, the 
identification of diverse mobile genetic elements and the reduced genome size of “Ferrovum” 
strain JA12 revealed potential driving forces of the genome evolution and speciation in 
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“Ferrovum”. The present study will be used as basis for a future comparative genome study 
which will address the latter two aspects.  
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Abstract 
Acid mine drainage (AMD) associated with active and abandoned mining sites forms a 
habitat for acidophilic microorganisms that gain energy from the oxidation of reduced sulfur 
compounds and ferrous iron and that thrive at pH below 4. Members of the recently proposed 
genus “Ferrovum” belong to the first acidophilic iron oxidizers within the Betaproteobacteria. 
Although they have been detected as typical community members in AMD habitats worldwide, 
knowledge about their phylogenetic and metabolic diversity is scarce. Genomics approaches 
appear to be most promising in addressing this lacuna since their isolation and cultivation has 
proven to be extremely difficult and has so far only been successful for the designated type 
strain “Ferrovum myxofaciens” P3G. In this study, the genomes of two novel strains of 
“Ferrovum” (PN-J185 and Z-31) derived from water samples of a mine water treatment plant 
were sequenced. These genomes were compared with those of “Ferrovum” sp. JA12, which 
also originates from a mine water treatment plant, and of the type strain (P3G). Phylogenomic 
scrutiny suggests that the four strains represent three “Ferrovum” species that can be grouped 
into two subgroups, which we refer to as operational taxonomic units (OTU). Comprehensive 
analysis of their predicted metabolic pathways revealed that these OTUs harbor characteristic 
metabolic profiles, notably with respect to motility, chemotaxis, nitrogen metabolism, biofilm 
formation and their potential strategies to cope with the acidic environment. For example, while 
the “F. myxofaciens” strains (OTU-1) appear to be motile and diazotrophic, the non-motile 
OTU-2 strains have the predicted potential to use a greater variety of fixed nitrogen sources. 
Furthermore, analysis of their genome synteny allowed first insights into their genome 
evolution, suggesting that horizontal gene transfer and genome reduction in the OTU-2 strains 
by loss of genes encoding complete metabolic pathways or physiological features contributed 
to the observed diversification.  
Introduction 
Acidophilic iron oxidizers represent a phylogenetically diverse group of microorganisms 
that are physiologically characterized by their ability to use ferrous iron as an electron donor 
and to thrive at acidic pH (Hedrich et al., 2011a; Bonnefoy and Holmes, 2011; Johnson et al., 
2012; Vera et al., 2013; Cárdenas et al., in press). They often occur in acidic mine effluents 
and acid mine drainage (AMD) characterized by their acidic pH (< 4) and high metal loads 
(Schippers et al., 2014).  
Members of the novel genus “Ferrovum” are the first described acidophilic iron oxidizers 
within the Betaproteobacteria (Hedrich et al., 2011a; Johnson et al., 2014). Based on evidence 
using molecular biological techniques, members of the genus “Ferrovum” have been detected 
at various mining sites worldwide exhibiting different geobiochemical properties with respect 
to pH, dissolved oxygen and heavy metal ion contents (i.e. Hallberg et al., 2006; Heinzel et al., 
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2009a; Gonzalez-Toril et al., 2011; Santofimia et al., 2013; Fabisch et al., 2013; Ziegler et al., 
2013; Kay et al., 2014; Hua et al., 2014; Jones et al., 2015).  
Despite their ubiquitous distribution and their often reported abundance in AMD 
communities (Hallberg et al., 2006; Heinzel et al., 2009b; Hua et al., 2014; Jones et al., 2015), 
the isolation and maintenance of “Ferrovum” strains in the laboratory have proved to be 
demanding (Tischler et al., 2013; Johnson et al., 2014). So far only the designated type strain 
“Ferrovum myxofaciens” P3G, which has been retrieved from the mine effluent of the 
abandoned copper mine Mynydd Parys (Wales, UK), has successfully been isolated, and has 
been available for a subsequent “classical” physiological characterization (Johnson et al., 
2014). The type strain is an autotrophic, psychrophilic acidophile using ferrous iron as the sole 
electron donor and oxygen as the sole electron acceptor. It has been observed to produce 
large amounts of extracellular polymeric substances (Hallberg et al., 2006; Johnson et al., 
2014).  
The type strain and related clone sequences have been assigned to a novel genus within 
the Betaproteobacteria based on phylogenetic analysis (Johnson et al., 2014). Although 16S 
rRNA gene sequence-based analyses have furthermore suggested the existence of several 
subgroups within the proposed genus “Ferrovum” (Tischler et al., 2013; Johnson et al., 2014), 
their phylogenetic and physiological diversity has not been investigated in further detail due to 
the unavailability of pure cultures. However, the recent genome study of “Ferrovum” sp. JA12 
derived from a mine water treatment plant in Lusatia (Tischler et al., 2013) has supported the 
previous notion of subgroups within the genus “Ferrovum” (Ullrich et al., 2016). Initial 
comparisons to the draft genome of the type strain (Moya-Beltrán et al., 2014) have suggested 
that both strains represent distinct species within the genus “Ferrovum” and that both species 
are characterized by typical genome properties and nitrogen assimilation strategies (Ullrich et 
al., 2016). Comparative genomics approaches have not only proved to be extremely useful to 
investigate the physiological diversity of microorganisms of AMD habitats, but also to explore 
their genome evolution and mechanisms of speciation (Allen et al., 2007; Andersson and 
Banfield, 2008; Tyson and Banfield, 2008; Bustamante et al., 2012; Acuña et al., 2013; 
González et al., 2014; Justice et al., 2014).  
Here we report on the findings of a comparative genomics study of a total of four 
“Ferrovum” strains with genome sequences available for analysis: “F. myxofaciens” P3G 
(Moya-Beltrán et al., 2014), “Ferrovum” strain JA12 (Mosler et al., 2013; Ullrich et al., 2016) 
and the “Ferrovum” strains PN-J185 and Z-31, which were obtained from the mine water 
treatment plant in Lusatia and were sequenced as part of this study. Our study aims to (i) 
determine the connections between phylogenetic and physiological diversity and (ii) uncover 
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potential driving forces of genome evolution that may have contributed to speciation among 
these novel iron oxidizers.  
Methods 
Origin and cultivation of “Ferrovum” strains PN-J185 and Z-31 
Iron oxidizing mixed cultures were obtained from water samples of the mine water 
treatment pilot plant in Nochten (Lusatia, Germany; Heinzel et al., 2009a, Heinzel et al., 2009b) 
as described previously (Tischler et al., 2013). The microbial composition of mixed cultures 
was analyzed via sequencing of 16S rRNA gene fragments and terminal restriction fragment 
length polymorphism as described (Tischler et al., 2013). The cultures PN-J185 (Tischler et 
al., 2013) and Z-31 were found to contain an iron oxidizing strain closely related to “F. 
myxofaciens” P3G and heterotrophic contaminations belonging to the genus Acidiphilium. The 
cultures were periodically transferred into fresh medium and consumption of ferrous iron was 
used as indicator for the viability of the iron oxidizing “Ferrovum” strain. Ferrous iron 
concentrations were quantified using the ferrozine method (Viollier et al., 2000).  
The mixed cultures PN-J185 and Z-31 containing the “Ferrovum” strains PN-J185 and 
Z-31, respectively, were chosen for genome sequencing. The choice was based on their 
relationship to the previously sequenced “Ferrovum” strains “F. myxofaciens” P3G (Moya-
Beltrán et al., 2014) and “Ferrovum” sp. JA12 (Mosler et al., 2013; Ullrich et al., 2016) as 
suggested by 16S rRNA gene sequence identity. Cells were harvested by centrifugation (5,000 
x g) and washed with 50 mM oxalic acid in 0.9 % sodium chloride solution. Genomic DNA was 
extracted from harvested cells using the MasterPure™ Gram Positive DNA Purification Kit 
(Epicentre Technologies Corp., WI, USA).  
During the course of follow-on studies it was noted that “Ferrovum” sp. Z-31 and 
“Ferrovum” sp. PN-J185 had apparently been lost within the mixed cultures Z-31 and PN-J185 
as was revealed by specific PCR amplification of a 16S rRNA gene fragment. A similar 
observation has been reported for “Ferrovum” sp. JA12 (Ullrich et al., 2016).  
Genome sequencing, assembly and annotation 
The genome of the mixed culture PN-J185 was sequenced via a hybrid approach using 
the 454 GS-FLX Titanium XL system (titanium GS70 chemistry, Roche Life Science, 
Mannheim, Germany) and the Genome Analyzer IIx (Illumina, San Diego, CA) while Z-31 was 
sequenced using Genome Analyzer IIx (Illumina). Paired-end libraries were prepared 
according to the manufacturer’s protocols. Paired-end Illumina reads were pre-processed 
using Trimmomatic with quality filter Phred 33 (Bolger et al., 2014) resulting in trimmed 
sequence reads. Prior to assembly sequence reads that mapped to Acidiphilium spp. were 
eliminated from the datasets. The genomes of the “Ferrovum” strains were assembled using 
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MIRA (Chevreux et al., 1999; http://sourceforge.net/projects/mira-assembler/) and Newbler 2.8 
(Roche Life Science) based on 457,788 454 shotgun reads (genome coverage: 13.8 x) and 
4,883,550 112 bp paired-end Illumina reads (genome coverage: 184 x) for PN-J185 and 
2,941,282 112 bp paired-end Illumina reads (genome coverage: 133 x) in case of Z-31. Raw 
data was quality checked and manually inspected using FastQC (Andrews, 2012; 
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and Qualimap (García-Alcalde et 
al., 2012). For gap closure in PN-J185 specific primers were designed based on the Staden 
package GAP4 (The GAP Group, 2012; http://www.gap-system.org) with check of primer 
specificity via blastn search against the genome. In case of PN-J185 the assembled genome 
consisted of six contigs and in case of Z-31 of 212 contigs. 
Gene prediction and automatic annotation was conducted using in-house scripts. Coding 
sequences were predicted using PRODIGAL (Hyatt et al., 2010), tRNA genes by tRNAscan-
SE (Lowe and Eddy, 1997) and ARAGORN (Laslett and Canback, 2004), and rRNA genes by 
RNAmmer (Lagesen et al., 2007). Protein-coding sequences were annotated based on blast 
searches against downloaded databases of Swiss-Protein, TrEMBL (Boeckmann et al., 2003) 
and Interpro (Zdobnov and Apweiler, 2001) with an E-value cut-off of 1e-20 and subsequent 
filtering for the best hit. Further automatic annotation was performed within the pipeline of the 
integrated microbial genomes/expert review system (IMG/ER; Markowitz et al., 2009; 
Markowitz et al., 2014). Metabolic pathways were deduced by manual inspection of the 
predicted gene functions based on comparisons to the KEGG database (Kanehisa and Goto, 
2000; Kanehisa et al., 2014) and characterization using the NCBI conserved domain search 
(Marchler-Bauer et al., 2009; Marchler-Bauer et al., 2011; Marchler-Bauer et al., 2015). 
Prediction of mobile genetic elements 
Insertion elements and transposases in the genome sequences of “Ferrovum” sp. PN-
J185 and Z-31 and of the type strain “F. myxofaciens” P3G (JPOQ01000000) were predicted 
and classified using TnpPred (Riadi et al., 2012; www.mobilomics.cl/about.html) and ISsaga 
(Siguier et al., 2006; http://issaga.biotoul.fr/ISsaga/issaga_index.php). Phage-associated 
genes were predicted by the prophinder algorithm (Lima-Mendez et al., 2008) and blastp 
searches against the ACLAME database of proteins in viruses and prophages (Leplae et al., 
2010; http://aclame.ulb.ac.be/) with the E-value cut-off set to 0.001. Putative alien genes and 
their donors were predicted for “Ferrovum” sp. JA12 using Sigi-HMM (Waack et al., 2006) with 
default settings and were visualized using Artemis (Rutherford et al., 2000). 
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Comparative genomics  
Phylogenomic analysis 
Phylogenetic relationship between the “Ferrovum” strains was inferred by comparisons 
of the average nucleotide identity based on blast (ANIb, Goris et al., 2007) and tetranucleotide 
signature (Richter and Rosselló-Móra, 2009).  
Phylogenetic trees were built based on concatenated alignments of 31 universal protein 
families (Ciccarelli et al., 2006) of four Ferrovum strains and selected Proteobacteria 
(Supplementary Table 1, p. 180). Family members were aligned using MAFFT (Katoh et al., 
2002; Katoh and Standley, 2013); the alignments were masked to remove unreliable regions 
with GBLOCKS (Castresana, 2000), followed by a concatenation of all protein families. 
Maximum likelihood trees were prepared for concatenated alignments with PhyML (Guindon 
et al., 2010) with the Whelan & Goldman model (Whelan and Goldman, 2001) to calculate the 
distance matrix. The evolutionary history was tested using the Boostrap method (Brown, 1994) 
with 1000 replicates. The analysis was conducted using a Bioperl (Stajich et al., 2002) in-house 
script.  
Assignment of protein-coding genes to the COG classification  
Protein-coding genes of all four genomes were assigned to the COG classification 
(Tatusov et al., 2000) by comparison against the COG database using an E-value cut-off of 
1e-5. The association to a COG category was based on the highest hit coverage value using a 
Bioperl (Stajich et al., 2002) in-house script. 
Identification of orthologous proteins 
The determination of orthologous proteins between the Ferrovum strains was based on 
the classification of all protein-coding genes in protein families excluding predicted mobile 
genetic elements. The selected proteins were sorted using an all-versus-all blastp script based 
on the Best Bidirectional Blast Hit (BBBH). Protein families were constructed by the 50/50 rule 
(Snipen and Ussery, 2010: 50% of identity and 50% of coverage in the alignments) and each 
protein was then assigned to one protein family. The protein families were classified in core-, 
dispensable- and unique-genomes according to their distribution across the genomes. The 
core-genome includes predicted proteins shared by all strains, the dispensable-genome 
comprises proteins assigned to a subset of strains, and the unique-genome includes proteins 
assigned to only one single strain. All these subgroups comprise the pan-genome (the union 
of the genomes under consideration) (Tettelin et al., 2005). The determination of the pan-
genome was conducted using a Bioperl (Stajich et al., 2002) in-house script at the Center for 
System Biotechnology, Bio-Computing Division and Applied Genetics Division, Fraunhofer 
Chile Research Foundation (with courtesy of David Guzmán). 
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Comparison and analysis of genome architectures 
Blastn-based whole genome comparisons were conducted and visualized using the 
Blast Ring Image Generator (BRIG; Alikhan et al., 2011) running blast+ version 2.2.30 
(Camacho et al., 2009). Pairwise genome comparisons were computed using the online tool 
DoubleACT (http://www.hpa-bioinfotools.org.uk/pise/double_act.html) running either blastn or 
tblastx with the E-value cut-off set to 0.001. Pairwise comparisons were visualized using the 
Artemis Comparison Tool (ACT, Carver et al., 2005). Collinear blocks between the genomes 
were determined within Mauve (Darling et al., 2010; version 2015226, 
http://darlinglab.org/mauve/mauve.html) with the Match Seed Weight set to 12.  
Results 
The comparative genome study involved the type strain “F. myxofaciens” P3G (Moya-
Beltrán et al., 2014), “Ferrovum” sp. JA12 (Ullrich et al., 2016.) and the two novel strains Z-31 
and PN-J185 which were sequenced as part of the present study. The composite genome of 
the “Ferrovum”-like population FKB7 (Hua et al., 2014) was not included in the study due to 
lack of information on the level of genome coverage. 
General genome features and phylogenetic relationship of the four “Ferrovum” strains 
General genome features of the four “Ferrovum” strains are shown in Table 1. The type 
strain “F. myxofaciens” P3G (Moya-Beltrán et al., 2014) and “Ferrovum” sp. Z-31 have larger 
genomes (2.70 Mbp and 2.47 Mbp) with higher G+C contents (54.3 %) than “Ferrovum” sp. 
JA12 (1.99 Mbp, 44.5 %; Ullrich et al., 2016.) and “Ferrovum” sp. PN-J185 (1.88 Mbp, 39.9 
%). 
Table 1: Comparison of general genome features of four “Ferrovum” strains. 1 Moya-Beltrán et 
al., 2014; 2 Ullrich et al., 2016. 
 “F. myxofaciens“ 
P3G 1 
“Ferrovum“ sp. 
 Z-31 JA12 2 PN-J185 
GenBank 
Accession number JPOQ01000000 LRRD00000000 LJWX00000000 LQZA00000000 
Genome size (bp) 2,702,191 2,473,519 1,995,737 1,889,241 
Number of contigs 647 212 3 6 
G+C content (%) 54.3 54.3 44.5 39.9 
Number of coding 
sequences 2,859 2,500 1,970 1,889 
Number of protein-
coding sequences  2,785 2,456 1,882 1,844 
Number of RNA 
genes 53 44 43 45 
Number of 
pseudogenes 20 ? 45 ? 
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A dendrogram based on 31 conserved protein sequences selected according to the 
method of Ciccarelli et al., 2006 was calculated to infer the phylogenetic relationship of the four 
“Ferrovum” strains to other members of the Proteobacteria and to each other (Figure 1). This 
phylogenetic tree supports the previous notion of a 16S rRNA gene sequence-based 
phylogenetic analysis of “F. myxofaciens” P3G and related iron oxidizers with members of the 
Nitrosomonadales being their closest cultivated relatives (Heinzel et al., 2009a, Tischler et al., 
2013; Johnson et al., 2014). The four “Ferrovum” strains were clustered on a distinct branch 
within the Betaproteobacteria, but they separated into two subbranches. The subbranches 
were defined as operational taxonomic units (OTUs). The first (OTU-1) harbors the type strain 
“F. myxofaciens” P3G and “Ferrovum” sp. Z-31 while the second branch (OTU-2) contains 
“Ferrovum” sp. JA12 and “Ferrovum” sp. PN-J185.  
 
 
Figure 1: Phylogenetic tree of the four “Ferrovum” strains based on 31 concatenated protein 
sequences according to Ciccarelli et al., 2006. Concatenated protein sequences were aligned using 
MAFFT (Katoh, 2002; Katoh and Standley, 2013). The Maximum likelihood tree was constructed only 
including the informative regions of the multiple sequences alignments using PhyML (Guindon et al., 
2010) based on the Whelan & Goldman model (Whelan and Goldman, 2001). Phylogeny was tested 
using the bootstrap method with 1000 replications. Several subtrees were collapsed. The 
Alphaproteobacteria are represented by Rhodopseudomonas palustris TIE-1, Rhodomicrobium vannielii 
ATCC 17100, Paracoccus denitrificans PD1222 and Acidiphilium cryptum JF-5; the Deltaproteobacteria 
by Geobacter metallireducens GS-15 and Geobacter uraniireducens Rf4; Gammaproteobacteria by 
Alcanivorax borkumensis SK2, Escherichia coli K12 substr. MG1655 and Nitrosococcus oceani ATCC 
19707; the Acidithiobacillia by Acidithiobacillus caldus SM-1, Acidithiobacillus ferrivorans SS3 and 
Acidithiobacillus ferrooxidans ATCC 23270. Accession numbers of the genome sequences are given in 
Supplementary Table 1. The two subbranches harboring the “Ferrovum” strains were defined as 
operational taxonomic units 1 (OTU-1) and 2 (OTU-2). 
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Average nucleotide identity (ANI) and the regression of the tetranucleotide composition 
(tetra) were determined in order to infer the phylogenetic relationships of the four strains (Table 
2). The ANIb value of 99.31 % and the tetra value of 0.998 strongly indicate that strain Z-31 is 
very closely related to “F. myxofaciens” P3G and also belongs to the type species “F. 
myxofaciens”. The ANIb and tetra values of “Ferrovum” sp. JA12 to both “F. myxofaciens” 
strains support the postulation that strain JA12 belongs to a second “Ferrovum” species 
separate from the type species (Ullrich et al., 2016). Based on the phylogenetic indicators 
“Ferrovum” sp. PN-J185 was predicted to represent a third “Ferrovum” species which is more 
closely related to the species represented by “Ferrovum” sp. JA12. From here on, the species 
name “F. myxofaciens” will be used instead of OTU-1 and “Ferrovum” sp. JA12 and “Ferrovum” 
sp. PN-J185 are referred to as OTU-2 strains JA12 and PN-J185. 
 
Comparison of inferred metabolic traits 
Identification of core genes and flexible genes 
The four “Ferrovum” strains have a pan-genome of 4,213 protein-coding genes and a 
core genome of 862 protein-coding genes. The non-core genes are flexible genes that are 
either unique genes only predicted in individual genomes (unique-genome) or genes shared 
by a subset of the genomes indicated by the overlapping regions of the Venn diagram 
(dispensable-genome) (Figure 2A). Apart from the core-genome, the genomes of “F. 
myxofaciens” (OTU-1) and OTU-2 strains share only few genes suggesting the existence of 
OTU-specific metabolic traits.  
The assignment of protein-coding genes to the COG classification revealed further 
insights into the metabolic profiles of the “Ferrovum” strains, highlighting the most 
distinguishing features between the “F. myxofaciens” strains and the OTU-2 strains (Figure 
2B; Supplementary Table 2, p. 180). Differences in the number of assigned protein-coding 
genes were observed in particular in the COG classes amino acid metabolism and transport 
Table 2: Genome-based phylogenetic indicators of the four “Ferrovum” strains. The ANIb 
(blastn-based average nucleotide identity) and tetra (tetranucleotide composition regression) values 
were calculated using JSpecies (Richter and Rosselló-Móra, 2009). * Values below the thresholds of 
≤ 95 % (ANI) and ≤ 0.99 (tetra) indicate that strains belong to different species (Richter and Rosselló-
Móra, 2009). 
 ANIb (%) *  Tetra * 
“Ferrovum“ 
sp. P3G Z-31 PN-J185 JA12  P3G Z-31 PN-J185 JA12 
P3G 100.0 99.31 65.84 66.40  1.000 0.998 0.555 0.611 
Z-31  100.0 65.40 65.75   1.000 0.550 0.602 
PN-J185   100.0 73.72    1.000 0.951 
JA12    100.0     1.000 
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(class E), cell mobility (N), signal transduction mechanisms (T) and replication, recombination, 
repair (L), while the numbers of protein-coding genes assigned to the COG classes with 
unknown (S) or general predicted functions (R), cell division (D), cell wall/membrane/envelope 
biogenesis (M) and defense mechanisms (V) were similar in all four genomes.  
The metabolic potential of all four strains was subsequently compared at the level of 
metabolic pathways. In this context, the different number of protein-coding genes assigned to 
the COG classes E (amino acid metabolism and transport), N (cell mobility) and T (signal 
transduction mechanisms) was also taken into account. 
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Figure 2: Summary of homologous proteins of the four “Ferrovum” strains and distribution of 
protein-coding genes assigned to the COG classification. (A) Core genome and overlaps between 
the genomes were determined based on the identification of homologous proteins. The number of 
proteins involved in the analysis for each of the genomes is indicated in parentheses. Predicted mobile 
genetic elements were excluded. OTU-2 strain JA12, turquoise; OTU-2 strain PN-J185, orange; OTU-1 
“F. myxofaciens” sp. Z-31, blue; OTU-1 “F. myxofaciens” P3G, red. (B) Percentage of assigned protein-
coding genes to COG classes is given for all genomes with color coding according to (A). All protein-
coding genes were included in the prediction of the COGs. Results of the predictions are listed in 
Supplementary Table 2 (p. 180). 
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Comparison of the central metabolism 
The metabolic potentials of “F. myxofaciens” Z-31 and OTU-2 strain PN-J185 were 
reconstructed and compared to those of the other strains in order to identify shared metabolic 
traits and OTU- and strain-specific features (Figure 3; see also Supplementary Material, p. 181 
and Supplementary Table 3, p. 183). The following section focusses on the main differences 
in the predicted metabolic profiles between the four “Ferrovum” strains. 
CENTRAL CARBON METABOLISM 
Similar to “F. myxofaciens” P3G (Moya-Beltrán et al., 2014) and the OTU-2 strain JA12 
(Mosler et al., 2013; Ullrich et al., 2016) “F. myxofaciens” Z-31 and the OTU-2 strain PN-J185 
were predicted to fix carbon dioxide via the Calvin Benson Bassham cycle (CBB) (Figure 3; 
Supplementary Table 3A, p. 183). With the exception of OTU-2 strain PN-J185, the “Ferrovum” 
strains harbor a gene cluster predicted to encode carboxysome shell proteins, a carboxysome-
associated carbonic anhydrase and a second ribulose-1,5-bisphosphate 
carboxylase/oxygenase (RuBisCO) allowing a more efficient carbon dioxide fixation within a 
carboxysome (CBS) (Cannon et al., 2001). The carbon fixation product 3-phosphoglycerate 
(G3P) was predicted to be converted to the precursors of the biosynthesis of amino acids, fatty 
acids, polysaccharides, carbon storage compounds and nucleic acids via the pathways of the 
central metabolism.  
The conversion of G3P by gluconeogenesis was predicted to lead to the formation of 
glucose-6-phosphate and glucose-1-phosphate, the major precursors for biosynthesis of cell 
envelope polysaccharides. But apparently, only the “F. myxofaciens” strains are also able to 
phosphorylate glucose directly via glucokinase activity (not shown in Figure 3). However, all 
“Ferrovum” strains share a core set of genes predicted to be involved in the amino and 
nucleotide sugar metabolism in which glucose-1-phosphate and glucose-6-phosphate are 
converted to precursors for the biosynthesis of the cell envelope polysaccharides 
peptidoglycan, lipopolysaccharides and, potentially, also of exopolysaccharides (Table 3). 
Apparently, the “F. myxofaciens” strains harbor a slightly larger enzyme repertoire potentially 
enabling them to produce also ADP-glucose and CDP-4-keto-3,6-desoxy-D-glucose as 
alternative precursors. Furthermore, “F. myxofaciens” P3G and the OTU-2 strain PN-J185 are 
predicted to share the potential to convert GDP-mannose to GDP-4-keto-D-rhamnose, but only 
OTU-2 strain PN-J185 appears to catalyze the further conversion to D-fucose.  
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Figure 3: Comparison of the predicted metabolic potentials of “F. myxofaciens” strains P3G and 
Z-31 and the OTU-2 strains JA12 and PN-J185. The comparison of potential metabolic traits was 
focused on energy, carbon and nitrogen metabolism, strategies of stress management with regard to 
the chemical constraints of their natural habitats (acidic pH, lightning with proton; oxidative stress, 
lightning with superoxide radical; high metal loads, lightning with metal ion), as well as chemotaxis and 
motility. Orange areas show metabolic traits predicted to be shared by all four strains. Metabolic traits 
only predicted in OTU-2 strain JA12 are shown in green while traits that were only predicted in the “F. 
myxofaciens” strains and OTU-2 strain JA12 are colored in blue. For description see text and 
Supplementary Material (p. 181). Genes predicted to be involved in these metabolic pathways are listed 
in Supplementary Table 3 (p. 183). 
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All four strains were also found to harbor a core set of homologous glycosyltransferases 
potentially involved in the synthesis of the cell envelope polysaccharides. However, the 
presence of additional glycosyltransferases that were predicted to be unique for “F. 
myxofaciens” strains or for either of the OTU-2 strains suggested the production of lipo- and 
exopolysaccharides with OTU- and strain-specific monosaccharide compositions 
(Supplementary Table 3A, p. 183). The cell envelope polysaccharides may be exported via the 
ABC-2-type polysaccharide transporter or via the Lpt-type lipopolysaccharide export system 
that were identified in all strains. Taken together the shared gene repertoire potentially enables 
all “Ferrovum” strains to produce exopolysaccharides as components of biofilms. But only the 
“F. myxofaciens” strains harbor genes predicted to encode the PEP-CTERM exosortase 
Table 3: Potential precursors for the biosynthesis of polysaccharides in the four “Ferrovum” 
strains. The predicted enzyme repertoire of the amino and nucleotide sugar metabolism may lead 
to the formation of a variety of nucleotide-activated monosaccharides as potential precursors for the 
biosynthesis of cell envelope polysaccharides. The genes predicted to be involved are listed in 
Supplementary Table 3A. + required genes for the formation are present; (+) set of genes required 
for the formation appears to be incomplete; - required genes for the formation were not predicted. 
nucleotide-activated 
monosaccharide 
“F. myxofaciens”  OTU-2 strain 
P3G Z-31  JA12 PN-J185 
UDP-glucose + +  + + 
UDP-glucuronate + +  + + 
UDP-N-acetylglucosamine + +  + + 
ADP-glucose + +  - - 
CDP-glucose - +  - - 
CDP-4-dehydro-6-desoxy-glucose - +  - - 
CDP-4-dehydro-3,6-didesoxy-
glucose (+) + 
 (+) (+) 
TDP-glucose + +  + + 
TDP-4-dehydro-6-desoxy-glucose + +  + + 
UDP-galactose + +  + - 
UDP-galacturonate + +  + + 
UDP-N-acetylgalactosamine + +  - - 
UDP-N-acetylgalactosaminuronic 
acid + + 
 (+) (+) 
UDP-mannose + +  + + 
UDP-mannosamine + +  + - 
GDP-4-dehydro-6-desoxy-mannose + -  - + 
TDP-rhamnose + +  + + 
TDP-4-dehydro-rhamnose + +  + + 
GDP-fucose - -  - + 
UDP-N-acetyl-muramate + +  + + 
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system which is presumed to be involved in protein export during biofilm formation in other 
bacteria (Haft et al., 2006; Craig et al., 2011). Similar to other bacteria the genes encoding the 
PEP-CTERM exosortase system are co-localized with genes predicted to be involved in the 
synthesis and export of exopolysaccharides (Supplementary Table 3A, p. 183).  
In contrast to other (acidophilic) chemolithoautotrophs (Cárdenas et al., 2010) all 
“Ferrovum” strains were predicted to exhibit the complete set of enzymes of the tricarboxylic 
acid cycle (TCA) (Mosler et al., 2013; Moya-Beltrán et al., 2014; Ullrich et al., 2016). Although 
a complete TCA is thought to indicate a heterotrophic lifestyle (Wood et al., 2004) no uptake 
systems for organic carbon compounds were identified in the “Ferrovum” genomes apart from 
several amino acid ABC transport systems and the urea ABC transporter in the OTU-2 strains. 
Notably, the genomes of the OTU-2 strains were predicted to encode a higher copy number of 
these amino acid ABC transporters explaining the higher percentage of protein-coding genes 
assigned to the COG class E (Figure 2B). 
The fixed carbon compounds may also be converted to storage compounds. While the 
“F. myxofaciens” strains appear to store fixed carbon compounds in glucose-based polymers 
such as starch or glycogen, the OTU-2 strains harbor genes associated with the synthesis and 
hydrolysis of polyhydroxybutyrates (Figure 3).  
NITROGEN METABOLISM 
The comparison of the metabolic profiles of the four “Ferrovum” strains revealed 
variations with respect to their nitrogen metabolism (Figure 3; Supplementary Table 3B, p. 
183). Although all four strains appear to share the potential to take up ammonium via an Amt 
family transporter and to transfer it to glutamate using a glutamine synthetase, they differ with 
regard to the utilization of alternative nitrogen sources to ammonium.  
Similar to “F. myxofaciens” P3G (Moya-Beltrán et al., 2014) the genome of “F. 
myxofaciens” Z-31 harbors the set of genes required for the fixation of molecular nitrogen via 
the nitrogenase. OTU-2 strain PN-J185 in contrast, shares the potential to utilize urea via a 
urea ABC transporter and the urea-hydrolyzing enzyme urease with the OTU-2 strain JA12 
(Mosler et al., 2013; Ullrich et al., 2016). While both strains may utilize ammonium derived from 
the hydrolysis of urea as nitrogen source, only OTU-2 strain JA12 may also utilize the released 
bicarbonate as carbon source via carbon fixation in the carboxysome.  
The potential to reduce nitrate to ammonium appears to be unique for the OTU-2 strain 
JA12 (Mosler et al., 2013; Ullrich et al., 2016) since genes encoding transporters and 
assimilatory reductases for nitrate or nitrite were not identified in the other genomes. However, 
homologous genes were identified in the “Ferrovum”-like population FKB7 (Hua et al., 2014). 
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ENERGY METABOLISM 
Apparently, all “Ferrovum” strains harbor homologous redox proteins predicted to be 
involved in the ferrous iron oxidation and the electron transfer to the terminal electron acceptors 
NAD(P)+ (uphill) and oxygen (downhill). Thus, all strains potentially employ similar electron 
transfer processes from ferrous iron to the terminal acceptors to those proposed for the OTU-
2 strain JA12 (Ullrich et al., 2016). That is, a Cyc2-like high molecular mass cytochrome 
predicted to oxidize ferrous iron in the outer membrane and soluble c-type cytochromes 
assumed to transfer the electrons through the periplasm to the respiratory complexes in the 
inner membrane (Figure 3; Supplementary Table 3C, p. 183). 
While genes encoding the terminal oxidases cbb3-type cytochrome c oxidase and bo3-
type quinol oxidase were predicted in all four strains, only the OTU-2 strains also encode the 
bd-type quinol oxidase which is characterized by its high affinity to oxygen (Borisov et al., 
2011).  
Similar to the OTU-2 strain JA12 (Ullrich et al., 2016) the genome of the OTU-2 strain 
PN-J185 encodes a formate dehydrogenase of unknown physiological relevance. In contrast 
to that, the genomes of the “F. myxofaciens” strains were found to contain a gene cluster 
similar to the one in Acidithiobacillus ferrooxidans ATCC 23270 predicted to encode a 
hydrogen-evolving hydrogenase (Valdés et al., 2008). 
CELL MOBILITY AND CHEMOTAXIS 
Apparently, the differences in the number of genes assigned to the COG classes N (cell 
mobility) and T (signal transduction) is based on the lack of genes predicted to be involved in 
the flagella formation and chemotaxis in the OTU-2 genomes (Figure 3; Supplementary Table 
3D, p. 183). The genomes of the “F. myxofaciens” strains contain 47 genes associated with 
the formation of the flagellum apparatus and 16 genes encoding two-component signal 
transduction systems (chemotaxis). The presence of these genes suggests the ability of the 
“F. myxofaciens” strains to actively move in response to environmental stimuli. 
Diversity of predicted stress tolerance mechanisms 
The comparison of the metabolic profiles of the four “Ferrovum” strains was extended to 
potential strategies to cope with the chemical constraints of their natural habitats including 
acidic pH, high metal ion concentrations and oxidative stress. Again all strains share a core 
set of genes potentially involved in stress management strategies, while other features appear 
to be OTU-specific (Figure 3; Supplementary Table 3E, p. 183). 
MAINTAINING THE INTRACELLULAR PH HOMEOSTASIS 
Uncontrolled influx of protons due to the natural proton concentration gradient across the 
membranes may cause severe disturbances of the intracellular pH homeostasis. Like many 
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acidophiles all “Ferrovum” strains may prevent the uncontrolled proton influx by generating a 
reversed (inside positive) membrane potential that is believed to be achieved via the increased 
uptake of potassium ions (Baker-Austin and Dopson, 2007; Slonczewski et al., 2009; Chen et 
al., 2015). While all “Ferrovum” strains exhibit the predicted Kef-type potassium transporters, 
only the “F. myxofaciens” strains additionally harbor the Kdp-type potassium uptake ATPase 
(Figure 3; Supplementary Table 3E, p. 183). 
To cope with an increase of the intracellular proton concentration all “Ferrovum” strains 
can export excess protons via the respiratory complexes driven by the downhill electron 
transfer. The “F. myxofaciens” strains appear to also use Na+/H+-antiporters (NhaD) which 
were not identified in the OTU-2 strains.  
An alternative strategy to the extrusion of protons may be buffering of the intracellular 
pH by decarboxylation of amino acids and the synthesis of polyamines harbored by all four 
“Ferrovum” strains. But only the OTU-2 strains may additionally benefit from the buffering 
capacity of ammonia derived from urea hydrolysis. The role of the urease in the pH 
homeostasis has originally been shown for the gastric pathogen Helicobacter pylori (Eaton et 
al., 1991; Sachs et al., 2005), but has also been suggested for OTU strain JA12 (Ullrich et al., 
2016) and for Thiomonas sp. CB2 (Farasin et al., 2015). 
COPING WITH HIGH METAL LOADS 
The identification of several gene clusters encoding predicted RND pumps, membrane 
fusion proteins (MFP) and outer membrane proteins (Omp) in each of the genomes suggests 
that all “Ferrovum” strains use cation/multidrug transporters of the RND family (resistance-
nodulation-cell division protein) to cope with the high metal ion concentrations as described in 
other bacteria (Kim et al., 2011) (Figure 3; Supplementary Table 3E, p. 183). However, both 
OTUs were predicted to employ different systems promoting the efflux of copper ions. While 
the “F. myxofaciens” strains harbor a complete Cus system (Kim et al., 2011) consisting of a 
pump (CusA), the channel-forming membrane fusion proteins (CusB), the outer membrane 
protein (CusC) and the small periplasmic protein CusF, the OTU-2 strains seem to use the 
copper-exporting ATPase CopA instead.  
OXIDATIVE STRESS MANAGEMENT 
Oxidative stress is mediated via reactive oxygen species generated by iron-catalyzed 
Haber-Weiss reactions (Haber and Weiss, 1934) and the Fenton reaction (Walling, 1975). 
Although all strains were predicted to detoxify superoxide radicals using a superoxide 
dismutase, they appear to scavenge the resulting hydrogen peroxide in different ways (Figure 
3; Supplementary Table 3E, p. 183). The “F. myxofaciens” strains seem to use rubrerythrin to 
convert hydrogen peroxide to water and oxygen as reported in many other acidophiles 
(Cárdenas et al., 2012), while the OTU-2 strains appear to use thiol peroxidases or ferritins.  
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In order to restore the redox state of damaged cysteine residues all “Ferrovum” strains 
appear to use the thioredoxin (TrxA)/ thioredoxin reductase (TrxB)-dependent system to repair 
oxidatively damaged cytoplasmic proteins and the thiol:disulfide interchange proteins DsbA 
and DsbD to repair periplasmic proteins. However, only the “F. myxofaciens” strains seem to 
be able to repair oxidatively damaged methionine residues since a predicted methionine 
sulfoxide reductase (MrsAB) was only identified in the genomes of “F. myxofaciens” P3G and 
Z-31.  
The redox state of oxidatively damaged lipids may be restored via the peroxiredoxin 
(AhpC)/alkyl hydroxide peroxidase (AhpF)-dependent system in all strains. In the genomes of 
OTU-2 six copies of ahpC were identified, while the genomes of “F. myxofaciens” contain only 
three copies of the peroxiredoxin encoding gene. The OTU-2 strains may additionally use a 
glutathione peroxidase to cope with damaged lipids based on the identification of genes 
predicted to be involved in the biosynthesis of glutathione and the glutathione peroxidase. 
However, it remains unclear how the OTU-2 strains recycle oxidized glutathione since a 
glutathione disulfide reductase was not detected in their genomes.  
Although the repertoire of genes putatively involved in oxidative stress management 
varies slightly between the OTUs, all strains appear to exhibit similar strategies to cope with 
oxidative stress and oxidatively damaged biomass. 
Identification of potential driving forces of genome evolution 
Genome evolution can be driven by the acquisition of genes, which is often accompanied 
by events of horizontal gene transfer (HGT) and the loss of genes and genome segments 
(Gogarten et al., 2002; Boon et al., 2014). HGT is facilitated by mobile genetic elements and 
often leaves signatures in the genome including integration sites (often associated with tRNA 
genes), abnormal G+C contents or varied codon usage (Juhas et al., 2009; Bustamante et al., 
2012; Acuña et al., 2013; Waack et al., 2006). The comparison of the inferred metabolic profiles 
revealed distinguishing metabolic traits between both OTUs and also between both OTU-2 
strains. Relating the identified differences of their metabolic profiles to their genome 
architectures allowed the deduction of mechanisms that may have contributed to genome 
evolution and diversification of the “Ferrovum” strains.  
To identify such mechanisms, mobile genetic elements were first predicted and classified 
in the four genomes (section Prediction of mobile genetic elements, see below). Then regions 
of interest, such as unique regions in a subset of genomes or regions with abnormal G+C 
contents, were identified by blastn-based whole genome comparisons using BRIG (Alikhan et 
al., 2011). Each genome was used in turn as reference genome for the blastn-based whole 
genome comparison and blastn matches to the reference genome were plotted together with 
the G+C content of the reference (section Linking the differences in the predicted metabolic 
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profiles to the genome architectures, p. 82). Regions of interest were analyzed in more detail 
using the synteny viewers Mauve (Darling et al., 2010) and the Artemis Comparison Tool (ACT, 
Carver et al., 2005) and were inspected for the presence of signatures of genomic islands, 
mobilization (presence of transposases, integrases, phage-associated genes, integration 
sites) and conjugation (type IV secretion system). While Mauve (Darling et al., 2010) identifies 
conserved DNA segments in the compared genomes (collinear blocks), ACT allows a more 
detailed comparison at the sequence level based on blast (section Linking the differences in 
the predicted metabolic profiles to the genome architectures, p. 82).  
Prediction of mobile genetic elements 
Transposases and integrases were predicted to be present in all “Ferrovum” genomes 
and were classified using TnpPred (Riadi et al., 2012) and ISsaga (Siguier et al., 2006) 
(Supplementary Table 4, p. 184). In the “F. myxofaciens” genomes a multitude of these 
transposable elements was predicted (Z-31: 84, P3G: 207) in comparison to the OTU-2 
genomes (JA12: 35, PN-J185: 35). While transposable elements of the IS classes IS3, ISL3, 
IS21 and IS200 appear to be present in all four genomes, there are also IS classes that were 
only detected in the genomes of individual strains; such as IS10 in OTU-2 strain JA12, or IS66 
and IS110 in “F. myxofaciens” Z-31.  
The presence of predicted phage-associated genes in all “Ferrovum” genomes indicates 
that they may have been targets of phage infections (Supplementary Table 4, p. 184). 
However, predicted phage-associated genes were found to be scattered throughout the 
genomes with the exception of that of “F. myxofaciens” Z-31, where several phage-associated 
genes were clustered on a small contig (Figure 4). This gene cluster appears to be a fragment 
of a prophage. It harbors genes predicted to be associated with the phage DNA packaging 
machinery (large subunit of the phage terminase, portal protein) and phage head and tail 
formation (head maturation protein, head-to-tail adapter protein, tail protein). Other 
characteristic functions associated with prophages (small subunit of the terminase, phage DNA 
replication and cell lysis) (Canchaya et al., 2003) were not identified in the genome of “F. 
myxofaciens” Z-31. Based on comparison to the ACLAME database, the prophage fragment 
was found to encode hypothetical proteins related to phages in other bacteria. No potential 
phage integration sites were identified since predicted phage DNA integrases and 
recombinases were located on other contigs and could not be related to the prophage 
fragment. 
All “Ferrovum” genomes were furthermore found to harbor signatures of conjugation 
based on the identification of nearly complete sets of the type IV secretion system, which is 
homologous to the VirB/D4 secretion system in Agrobacterium tumefaciens (Wallden et al., 
2010) (Supplementary Table 4, p. 184). However, the genes encoding the proteins VirB1 and 
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VirB7 were absent in any of the “Ferrovum” genomes and the genomes of the “F. myxofaciens” 
strains also lack the gene encoding protein D4.  
 
 
Figure 4: Predicted prophage fragment in the genome of “F. myxofaciens” Z-31. One contig of the 
“F. myxofaciens” Z-31 genome (FEMY_19550..FEMY_19780) was found to harbor a cluster of predicted 
phage-associated genes (turquoise) which were identified using Prophinder (Lima-Mendez et al., 2008) 
by conducting blastp searches against the ACLAME database (Leplae et al., 2010). Genes that are not 
predicted to be associated with phages are shown in grey. Hp, hypothetical protein. 
Linking the differences in the predicted metabolic profiles to the genome 
architectures 
The blastn-based whole genome comparison was conducted and visualized using BRIG 
(Figure 5A-D). The notion that strains belonging to the same OTU share more similar metabolic 
profiles was further underlined by the presence or absence of the corresponding genes and by 
the level of sequence identity of these genes in the various strains. The sequence identities of 
up to 100 % between both “F. myxofaciens” genomes suggest a very close relationship of both 
“F. myxofaciens” strains (Figure 5B, D). In case of the OTU-2 genomes the match identities 
(Figure 5A, C) are considerably lower supporting the impression that both OTU-2 strains now 
represent distinct “Ferrovum” species as indicated by the ANIb and tetra values (Table 2). 
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Figure 5: Reference-based whole genome comparison of the four “Ferrovum” strains. Blastn-
based whole genome comparison and visualization were performed using BRIG (Alikhan et al., 2011) 
with each of the four genomes used as a reference in turn. The reference genome and its size are 
indicated in the figure center: (A) OTU-2 strain JA12, (B) “F. myxofaciens” Z-31, (C) OTU-2 strain PN-
J185, (D) “F. myxofaciens” P3G. For the reference genome also G+C content and GC skew are shown 
on the first and the second ring from the inside. Circular representation of the reference genomes (third 
ring) is based on the concatenation of the contigs. Contigs of OTU-2 strain JA12 were ordered contig 1 
to 3 while contigs of the other strains were ordered randomly. Matches to the reference genomes are 
displayed color-coded (JA12, turquoise; PN-J185, orange; Z-31, blue; P3G, red) on the rings four to six. 
The levels of the matches’ sequence identities are indicated by the color intensity (the higher the color 
intensity the higher the sequence identity). Cross references link to other figures showing a more 
detailed analysis of regions of interest.  
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GENE CLUSTER ASSOCIATED WITH FLAGELLA FORMATION AND CHEMOTAXIS IN “F. 
MYXOFACIENS” 
Using the “F. myxofaciens” genomes as reference for the blastn-based genome 
comparison revealed a large genomic region that was absent in the OTU-2 genomes (Figure 
5B, strain Z-31: 470 - 505 kbp; Figure 5D, strain P3G: 505 - 550 kbp). This region harbors 35 
(Z-31) or 46 (P3G) genes predicted to be involved in the flagella formation and chemotaxis 
while other genes associated with the flagella formation were found to be located in clusters 
on other contigs. Although the flagella formation and chemotaxis genes are distributed over 
three contigs in “F. myxofaciens” Z-31 and over two contigs in “F. myxofaciens” P3G, they 
appear to be organized in a huge cluster (Figure 6, 51 genes) which was reconstructed based 
on the comparison to the neutrophilic iron oxidizers S. lithotrophicus ES-1 (NC_013959) and 
G. capsiferriformans ES-2 (NC_014394). Pairwise comparison of the reconstructed flagella 
gene clusters in the “F. myxofaciens” strains using ACT revealed an identical order and 
orientation of the 51 genes as well as an average nucleotide sequence identity of 99 % (Figure 
6).  
The whole genome comparison of all four genomes conducted within Mauve showed 
that the flanking regions of the flagella gene cluster were homologous to regions in the OTU-2 
genomes as indicated by the presence of collinear blocks (Supplementary Figure 1, p. 184). 
The collinear blocks harbor genes predicted to encode a glutamine-fructose-6-phosphate 
transaminase in case of the upstream flanking site and an L-threonine-ammonia-ligase in case 
of the putative downstream flanking site.  
In order to infer the putative origin of the flagella gene cluster the contigs on which the 
clusters are located were investigated for signatures of HGT. However, no transposases, 
integrases and phage-associated genes were predicted on the corresponding contigs in either 
of the “F. myxofaciens” genomes (Supplementary Table 4, p. 184) and the G+C content was 
inconspicuous (Figure 5B, D). Hence, the absence of the flagella gene cluster in the OTU-2 
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GENE CLUSTERS ASSOCIATED WITH THE UTILIZATION OF ALTERNATIVE NITROGEN SOURCES 
In the genome of the OTU-2 strain JA12 a small unique region (Figure 5A: 1760 - 1780 
kbp) was identified, that was predicted to harbor genes presumably involved in nitrate 
assimilation. The genomic neighborhood of this nitrate assimilation gene cluster was compared 
to the OTU-2 strain PN-J185 using Mauve (Figure 7A). The nitrate assimilation gene cluster 
appeared to be integrated in a genomic region that has undergone several events of 
rearrangements, though this region still consists of the same collinear blocks in either of the 
genomes. Downstream of the nitrate assimilation gene cluster three transposases and an 
integrase, close to a tRNA gene, were predicted. Although these findings may be signatures 
of HGT, the G+C content of the wider region was found to be inconspicuous and no putative 
integration sites close to the integrase and the tRNA gene were identified.  
A region restricted to the genomes of the OTU-2 strains was found to harbor the genes 
associated with the utilization of urea (Figure 5A, JA12: 1140 - 1150 kbp; Figure 5C, PN-J185: 
1550 - 1560 kbp). Notably, in both OTU-2 genomes the urease gene cluster is located in 
different genomic regions which are otherwise characterized by the presence of collinear 
blocks (Figure 6A, B). However, the urease gene clusters are very similar with regard to gene 
content, order and orientation. Pairwise comparison of both urease gene clusters visualized 
using ACT revealed nucleotide sequence identities of up to 81 % (Supplementary Figure 2, p. 
185) furthermore suggesting the homology of the urease gene clusters in both genomes. No 
potential transposases, integrases or phage-associated genes as signatures of a recent HGT 
were identified in genomic neighborhoods. The different location of the homologous gene 
cluster in both genomes may have been caused by genomic rearrangements in one or even 
both strains. 
A genomic region restricted to the “F. myxofaciens” strains was identified using the 
genome of “F. myxofaciens” P3G as reference for the blastn-based whole genome comparison 
(Figure 5D, P3G: 495 - 505 kbp). This region harbors several of the nif-genes predicted to 
encode the nitrogenase subunits, a molybdenum-iron cofactor biosynthesis protein and the 
molybdenum uptake ABC transporter. Although homologous genes were also identified in “F. 
myxofaciens” Z-31 (Supplementary Table 3B), they were not detectable as discrete genomic 
regions in the blastn-based whole genome comparison since they were distributed over 
several small contigs.  
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Figure 7: Homologous genome regions in the OTU-2 strains JA12 and PN-J185 involved in nitrate 
assimilation (A), urea utilization (B) and carboxysome formation (C). Conserved segments 
(collinear blocks) were predicted using Mauve (Darling et al., 2010). Collinear blocks between both 
genomes are shown in the same color and are connected by lines. Locus tags (JA12: FERRO_; PN-
J185: FV185_) and number of genes (in parentheses) are given for the collinear blocks. Selected 
regions containing the nitrate assimilation gene cluster (A), the urea gene cluster (A: PN-J185; B: JA12), 
a gene cluster enriched with hypothetical proteins (B), and the carboxysome gene cluster (C) are shown 
in more detail. Nitrite reductase, NirBD; nitrate reductase, NasA; transposase, Tnp; integrases, Int; urea 
ABC transporter, UrtABCDE; urease, UreABC, urease accessory proteins, UreHJEFG; hypothetical 
protein, hp; proteins containing a domain of unknown function, DUF; RuBisCO, CbbLS; RuBisCO 
activating protein, CbbQ. 
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GENE CLUSTER ASSOCIATED WITH CARBOXYSOME FORMATION IN “F. MYXOFACIENS” AND 
OTU-2 STRAIN JA12 
The blastn-based whole genome comparison highlighted a region in the genome of the 
OTU-2 strain JA12 (Figure 5A: 760 - 780 kbp) which had matches to both “F. myxofaciens” 
genomes, but not to the genome of OTU-2 strain PN-J185. This region harbors genes involved 
in carboxysome formation, a metabolic trait that the OTU-2 strain JA12 apparently shares only 
with “F. myxofaciens”.  
The synteny of the carboxysome gene cluster was compared to the “F. myxofaciens” Z-
31 using ACT (Supplementary Figure 3A, p. 186). The gene content and orientation was found 
to be similar in both genomes, but the level of nucleotide sequence identity varied between the 
genes encoded in the gene cluster. The genes encoding the large RuBisCO subunit (cbbL), 
the carbonic anhydrase and one of the large carboxysome shell proteins were predicted to 
share the highest sequence identities of 60 to 79 %.  
The G+C content of the carboxysome gene cluster in the OTU-2 strain JA12 was found 
to be slightly increased (50 %) compared to the average G+C content of the genome (44.5 %) 
(Supplementary Figure 3A, p. 186). Other signatures for HGT were identified including 
plasmid-associated genes within the gene cluster, two integrase-encoding genes in its 
downstream region and a tRNA gene and a transposase in its upstream region of the gene 
cluster. However, no potential integration sites were identified in the flanking regions of the 
carboxysome cluster. In the genome of “F. myxofaciens” Z-31 no transposases or integrases 
were identified in the genomic neighborhood of the carboxysome gene cluster (Supplementary 
Table 4), but the G+C content of the gene cluster was also found to be increased (65 %) in 
comparison to the average (54.3 %) (Supplementary Figure 3A, p. 186). The slightly higher 
G+C contents of the carboxysome clusters together with the absence of evidence for a recent 
HGT event suggest that the carboxysome cluster may have been acquired by a common 
ancestor of all “Ferrovum” strains.  
The genomic neighborhoods of the carboxysome gene cluster was also compared 
between the genomes of both OTU-2 strains using Mauve (Figure 7C). The genomic 
neighborhoods were found to be very similar apart from the absence of the carboxysome gene 
cluster in OTU-2 strain PN-J185. In the genome of OTU-2 strain PN-J185 a small fragment of 
the collinear block that marked the downstream flanking site of the carboxysome cluster in the 
genome of OTU-2 strain JA12 was identified (Supplementary Figure 3B, p. 186). This finding 
suggests the loss of the carboxysome cluster during the genome evolution of OTU-2 strain 
PN-J185.  
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PUTATIVE GENOMIC ISLANDS IN THE OTU-STRAIN JA12 
The blastn-based whole genome comparison revealed three large DNA segments in the 
genome of OTU-2 strain JA12 that had only few matches to the other genomes and that were 
characterized by abnormally increased G+C contents (Figure 5A: 42 - 126 kbp, 1350 - 1405 
kbp, 1530 - 1550 kbp). These regions were investigated in some detail for signatures of 
genomic islands including mobility, conjugation, potential integration sites as well as for their 
genetic content (Juhas et al., 2009; Acuña et al., 2013; Bustamante et al., 2012). 
Based on the predictions obtained from the application of Sigi-HMM (Waack et al., 2006) 
the three regions appeared to be extremely enriched with so-called alien genes which are 
putative horizontally transferred genes (Figure 8). The putative genomic island 1 (Figure 8: 42 
- 126 kbp) is approx. 85 kbp in size and the region’s average G+C-content is 56.1 %, which is 
11 % higher than the average G+C-content of the complete genome. The 105 genes located 
in this genomic region were predicted to encode mobile genetic elements (integrases, phage-
associated genes, a transposase, the mobile mystery proteins A and B), tRNAs, hypothetical 
proteins, glycosyltransferases and enzymes of the nucleotide sugar metabolism, and genes 
with other predicted functions (Supplementary Table 5A, p. 187; Supplementary Figure 4, p. 
187). The encoded glycosyltransferases appear to be unique for the genome of the OTU-2 
strain JA12 (Supplementary Table 3). The encoded enzymes of the nucleotide sugar 
metabolism represent second copies of enzymes involved in the formation of the 
polysaccharide precursors UDP-glucose, TDP-4-dehydro-rhamnose, TDP-rhamnose and 
TDP-4-dehydro-6-desoxy-glucose and UDP-N-acetyl-mannosamine (UDP-glucose 
pyrophosphorylase, dTDP-4-dehydrorhamnose 3,5-epimerase, dTDP-4-dehydrorhamnose 
reductase, dTDP-glucose 4,6-dehydratase, UDP-N-acetyl-glucosamine 2-epimerase). The 
majority of genes (91) harbored by this putative island were predicted to represent alien genes 
with many of them presumably originating from Beta- (31) and Gammaproteobacteria (16), and 
from Actinobacteria (9) (Supplementary Table 5A, p. 187; Supplementary Figure 4, p. 187). In 
the downstream flanking region of the genomic island a tRNA gene marks the transition point 
from the high G+C content of the island to the approximately average G+C content of the 
genome (Supplementary Figure 5A:126 kbp, p. 188). Upstream to this tRNA gene an 
integrase-encoding gene is located. Downstream of the tRNA gene a nearly identical direct 
repeat of a 22 bp-long region of the upstream flanking region was identified representing 
potential integration sites of the island. 
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Figure 8: Potential genomic islands in OTU strain JA12. The circular representation of the genome 
of OTU-2 strain JA12 (contig order: LJWX01000001-LJWX01000003) was visualized using Artemis 
(Rutherford et al., 2000) and DNAPlotter (Carver et al., 2008). The putative genomic islands are 
indicated by numbers 1 to 3. The rings from the inside to the outside are: 1. G+C content (grey, above 
genome average; black, below genome average); 2. VirB/D4 secretion system (brown); 3. predicted 
phage-associated genes (grass green); 4. transposases (blue); 5. predicted integrases (red); 6. tRNA 
genes (green); 7. rRNA genes (black); 8. putative alien genes (bordeaux); 9. all other coding sequences 
(turquoise). The predicted donors and gene functions of the putative alien genes are provided in 
Supplementary Figure 4 and Supplementary Table 5. 
The second putative genomic island (Figure 8: 1350 - 1405 kbp) is approx. 56 kbp in size 
with an average G+C content of 59.2 %. This region harbors genes predicted to encode 
hypothetical proteins, an integrase and a nearly complete set of VirB/D4 proteins of a type IV 
secretion system (Supplementary Table 5A, p. 187; Supplementary Figure 4, p. 187). The vir-
genes were predicted to be mainly derived from Betaproteobacteria. In the upstream and 
downstream flanking regions of the island potential integration sites were identified 
(Supplementary Figure 5B, p. 188). At the presumed upstream flanking site an integrase-
encoding gene was located approx. 500 bp upstream of the vir-genes. Directly upstream of the 
integrase-encoding gene a direct repeat to a 24 bp-long region of the downstream flanking 
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region was identified. Thus, this genomic island shares characteristics with integrative 
conjugative elements (Wozniak et al., 2009; Bustamante et al., 2012). 
The third putative genome island 3 (Figure 8: 1530 - 1550 kbp) has a size of approx. 20 
kbp and an average G+C content of 55.7 %. It appears to encode only hypothetical proteins 
or proteins of unknown function, of which most were predicted to be derived from Beta- and 
Gammaproteobacteria (Supplementary Table 5A, p. 187). The G+C content of the island was 
found to be up to 20 % higher than the average G+C content of the genome. Although an 
integrase was predicted at the right flanking site, no repeat regions were identified at the 
flanking sites. 
The genome of OTU-2 strain JA12 was found to harbor a total of 216 predicted alien 
genes of which 162 are located on the putative genomic islands. Most of the alien genes were 
predicted to be derived from Beta- and Gammaproteobacteria (29 % and 18 %), but a smaller 
number of genes was predicted to be derived from other donors including Actinobacteria (8 
%), Sphingobacteria (7 %), Bacilli (6 %) and Bacteroides (4 %) (Supplementary Table 5B, p. 
187). For 46 of the alien genes no donor was predicted using Sigi-HMM. 
CRISPR/Cas in “F. myxofaciens” Z-31: a defense mechanism against foreign DNA 
The genome of “F. myxofaciens” Z-31 harbored two unique regions predicted to encode 
CRISPR/Cas systems (clustered regularly interspaced palindromic repeats/ CRISPR-
associated genes; Figure 5A: 1580 - 1600 kbp, 1180 -1885 kbp). CRISPR/Cas systems have 
been identified in many bacterial and archaeal genomes and they have been discussed as part 
of the host’s defense against the invasion of foreign nucleic acids of phages and plasmids 
(Plagens et al., 2015). The CRISPR/Cas systems in “F. myxofaciens” Z-31 were classified as 
type III-B (Figure 9A) and type I-E (Figure 9B) based on comparison to systems in other 
bacteria (Makarova et al., 2011). While type I-E systems are described to target DNA, type III-
B systems are predicted to target both foreign DNA and RNA. Although only a prophage 
fragment was identified in “F. myxofaciens” Z-31, the presence of the CRISPR/Cas systems 
strongly suggests that the co-evolution between phage and host may also play an important 
role in its genome evolution. 
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Figure 9: Predicted defense mechanisms against foreign DNA in the genome of “F. myxofaciens” 
Z-31. The genome of “F. myxofaciens” was predicted to harbor a putative type III-B (A) and a presumed 
type I-E CRISPR/Cas system (B). Predicted CRISPRs are indicated as red lines. Genes encoding 
homologous proteins have the same color. Cas 1 and 2 (green) are conserved in both systems and are 
predicted to be involved in the acquisition (Ac) phase recognizing foreign DNA. The Cascade complex 
is presumed to consist of multiple subunits including a large (L) and small (S) subunit as well as other 
subunits (R). A specific nuclease (RE) is predicted to be involved in the maturation process of the pre-
crRNA (RNA transcript of the CRISPR array) to crRNA of the active Cascade complex. In type I-E Cas3 
functions as DNA endonuclease (TN) degrading the foreign DNA bound to the Cascade complex. Genes 
encoding other Cas-proteins without a specified function are shown in grey while other protein-coding 
genes are shown in black. 
Discussion 
The comparison of their metabolic profiles indicates the existence of OTU- and strain-
specific features 
The phylogenetic analysis revealed a diversity among the four “Ferrovum” strains that 
reflects the observed differences of their genome properties and metabolic profiles and, hence, 
highlights the existence of OTU- and strain-specific metabolic capacities. The “F. myxofaciens” 
strains (OTU-1) have larger genomes (> 2.5 Mbp) with higher G+C contents (54 %) than both 
OTU-2 strains (< 2.0 Mbp, < 45 %). In this context, the genome of OTU-2 strain PN-J185 was 
found to be even smaller (approx. 100 kbp) and to have a lower G+C content (approx. 5 %) 
than that of OTU-2 strain JA12.  
The metabolic profiles of the “F. myxofaciens” strains are characterized by their potential 
to fix molecular nitrogen, to form flagella and to actively move in response to environmental 
stimuli (chemotaxis). In contrast to this, the OTU-2 strains appear to be non-motile and they 
seem to balance their dependence on fixed nitrogen compounds by their metabolic capability 
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to use various nitrogen sources such as ammonium, urea and amino acids and, in case of 
OTU-2 strain JA12, even nitrate. The ability to use nitrate thus also indicates a heterogeneity 
among the OTU-2 strains, which is further underlined by the absence of the gene repertoire to 
form carboxysomes in OTU-2 strain PN-J185. The composition of lipo- and 
exopolysaccharides appears to represent another distinguishing metabolic feature of the 
“Ferrovum” strains. Although all strains share a common core set of genes encoding enzymes 
of the nucleotide sugar metabolism and glycosyltransferases, each strain also harbors a set of 
unique additional genes involved in the formation of polysaccharide precursors.  
The diversity of their metabolic profiles may explain why “Ferrovum” members have been 
detected in habitats characterized by different geochemical parameters and why they have 
different macroscopic appearances. For example, the potential to produce biofilms appears to 
correlate with the presence of the PEP-CTERM exosortase system in the “F. myxofaciens” 
genomes, since this protein-exporting system is known to be associated with biofilm formation 
(Haft et al., 2006; Craig et al., 2011). In “F. myxofaciens” strain, whose genomes contain the 
PEP-CTERM exosortase system, it may contribute to the massive formation of streamers 
representing its most prominent macroscopic feature (Hallberg et al., 2006; Hedrich et al., 
2011b; Ziegler et al., 2013; Johnson et al., 2014). This notion is also supported by the high 
fraction of proteins (17 %) within the streamers (Johnson et al., 2014).  
Furthermore, the identification of additional Na+/H+-antiporters and the Kdp-type 
potassium uptake system in the genomes of the “F. myxofaciens” strains suggests a higher 
pH tolerance since both systems are typically part of the repertoire of extreme acidophiles to 
cope with acidic environments (Baker-Austin and Dopson, 2007; Slonczewski et al., 2009). At 
the laboratory scale the type strain “F. myxofaciens” P3G grows down to pH 2.2 (Johnson et 
al., 2014), while in the iron oxidizing mixed cultures containing the OTU-2 strains no cellular 
activity was observed below pH 2.5. Different levels of pH tolerance among the “Ferrovum” 
strains may also explain the observed abundance of “Ferrovum” spp. over a wider pH range 
(2.5 to 3.3) in comparison A. ferrooxidans in the Red Eyes mine drainage in the Appalachian 
Mountains (Pennsylvania, US, Jones et al., 2015).  
The bd-type quinol oxidase, which is only encoded by the genomes of the OTU-2 strains, 
is characterized by a high oxygen affinity (Borisov et al., 2011). It may enable the OTU-2 strains 
to thrive under microaerobic conditions like the “F. myxofaciens”-related iron oxidizer which 
was detected in the microaerobic layer of an acidic pit lake in the Iberian Pyrite Belt (Santofimia 
et al., 2013).  
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Genome evolution of the “Ferrovum” strains appears to be driven by horizontal gene 
transfer and genome reduction 
The comparison of their genome architectures and the analysis of their genome synteny 
allowed to infer the potential mechanisms of genome evolution and speciation of the 
“Ferrovum” strains. 
Horizontal gene transfer 
Signatures of horizontal gene transfer (HGT) including transposases, integrases, phage-
associated genes and genes encoding proteins of the type IV secretion system were identified 
in the genomes of all “Ferrovum” strains. The activity of transposases and integrases may have 
contributed to the observed genomic rearrangements between the genomes of the OTU-2 
strains (i.e. location of the urease gene cluster). A similar observation has been reported for a 
Ferroplasma acidarmanus population in AMD biofilms in the Iron Mountain (California, US, 
Allen et al., 2007). Furthermore, in OTU-2 strain JA12 transposases and integrases were found 
to be co-localized with the carboxysome gene cluster and the nitrate assimilation gene cluster 
suggesting the potential acquisition of genes and metabolic traits via HGT. The extent of HGT 
events is further demonstrated by the high number of predicted alien genes within the genomic 
islands of OTU-2 strain JA12.  
The relevance of genomic islands in mediating HGT in acidophiles has already been 
described in A. ferrooxidans (Bustamante et al., 2012), Acidithiobacillus caldus (Acuña et al., 
2013) and Acidithiobacillus ferrivorans (González et al., 2014). The genome of the OTU-2 
strain JA12 harbors three potential genomic islands which were identified as large genome 
regions characterized by their considerably higher G+C contents compared to the genome 
average, their exclusive presence in the genome of OTU-2 strain JA12 and their high 
concentration of putative alien genes. Genomic island 1 harbors numerous accessory genes 
involved in the formation of precursors for the biosynthesis of cell envelope polysaccharides 
and an additional set of glycosyltransferases. Since these accessory genes may allow the 
formation of polysaccharides with altered composition, they may influence the capacity of 
OTU-2 strain JA12 to attach to surfaces similar to the assumption made for A. caldus (Acuña 
et al., 2013). Genomic island 2 is presumed to be an integrative conjugative element (ICE) 
since it encodes a set of genes involved in the type IV secretion system. The putative ICE in 
OTU-2 strain JA12 has a size of 56 kbp and contains only hypothetical proteins apart from the 
type IV secretion system. It is considerably smaller than ICE 1 in A. ferrooxidans ATCC 23270 
(Bustamante et al., 2012) and in contrast to A. ferrooxidans no physiological relevance can be 
deduced. The identification of signatures of mobility (integrases, putative integration sites, type 
IV secretion system) on the genomic islands 1 and 2 suggests that they may play a role in 
promoting genetic exchanges with other community members.  
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The majority of donors of the predicted alien genes in the OTU-2 strain JA12 were found 
to belong to the Beta- and Gammaproteobacteria which often occur in the microbial 
communities of AMD habitats (Méndez-García et al., 2015) and which are the closest relatives 
to “Ferrovum” spp.. Beta- and Gammaproteobacteria have also been detected in the original 
habitats of “F. myxofaciens” P3G (Mynydd Parys copper mine effluent, Hallberg et al., 2006) 
and the other three “Ferrovum” strains (lignite mining site in Lusatia, Heinzel et al., 2009a; 
Heinzel et al., 2009b). In this context it should be noted that Acidithiobacillus spp. were 
originally assigned to the Gammaproteobacteria, while they have been proposed to form the 
distinct class Acidithiobacillia only recently (Williams and Kelly, 2013). Potential 
betaproteobacterial donors may be other “Ferrovum” strains, Gallionella-like strains (Bruneel 
et al., 2006; Heinzel et al., 2009a; Fabisch et al., 2013; Bertin et al., 2011; Liljeqvist et al., 
2015), Sideroxydans-like strains (Liljeqvist et al., 2015), and strains of the genus Thiomonas 
(Arsène-Ploetze et al., 2010; Slyemi et al., 2011) which have been detected in several AMD 
habitats. Other predicted donors of alien genes belonging to the Actinobacteria, Firmicutes 
(Bacilli, Clostridia) and Chloroflexi have also detected during the original analysis of the 
diversity of the lignite mining site in Lusatia (Heinzel et al., 2009a). Intriguingly, nearly 12 % of 
the alien genes were predicted be derived from Sphingobacteria or Bacteroides, which have 
not been detected at the lignite mining site (Heinzel et al., 2009a), though this is most likely 
due to the bias of one of the PCR primers used by Heinzel et al. (2009a) against the 16S rRNA 
gene of the Bacteroidetes (Mühling et al., unpublished results). The more detailed analysis of 
potential DNA donor-recipient networks may be an interesting prospect for future studies to 
investigate the evolution of community members in the context of the gene pool of the whole 
community as has described elsewhere (Dagan, 2011). 
Moreover, the relevance of transduction and phage-host co-evolution as a means of HGT 
and genome evolution in “Ferrovum”. This is, for example, highlighted by the identification of 
the prophage fragment and the two CRISPR/Cas systems in “F. myxofaciens” Z-31. Evidence 
for the relevance and rapid course of similar phage-host co-evolution events has already been 
provided for an AMD biofilm by a metagenomics study which combined the analysis of 
prophage sequences and spacer sequences of the CRISPR regions in the host genomes 
(Andersson and Banfield, 2008).  
Mechanisms of genome reduction 
Comparison of the genome architectures of the four strains suggests that the flagella 
gene cluster may have been lost by both OTU-2 strains and that the carboxysome gene cluster 
was lost during the evolution of the OTU-2 strain PN-J185. Possibly, the nif-genes involved in 
nitrogen fixation and the genes predicted to encode the PEP-CTERM protein export system 
had a similar fate in both OTU-2 strains. Apparently, the abandonment of these expensive and 
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dispensable metabolic traits has contributed to the considerable reduction of their genome 
sizes and to shaping their metabolic profiles. The reduction of genome size in free-living 
prokaryotes even at the cost of the metabolic versatility has been discussed in the context of 
increased cellular fitness and efficient use of limited nutrients especially in oligotrophic habitats 
(Giovannoni et al., 2014; Martínez-Cano et al., 2015; Boon et al., 2014). Several mechanisms 
of genome reduction have been proposed in other organisms including development of a 
symbiotic lifestyle, an increased mutation rate (mutator strain hypothesis), streamlining 
(streamlining hypothesis) or as result of community-dependent adaptations (Black Queen 
Hypothesis) (Morris et al., 2012; Martínez-Cano et al., 2015).  
Genome reduction during host-adaption of obligate symbionts has often been reported 
to be accompanied by the loss of biosynthetic genes involved in amino acid, fatty acid, cofactor 
and vitamin biosynthesis or of genes involved in DNA repair (Martínez-Cano et al., 2015; 
D'Souza et al., 2014; Nelson and Stegen, 2015). Both OTU-2 strains did not harbor these 
signatures. Instead they exhibit the potential to synthesize all amino acids, fatty acids and 
cofactors, and harbor a large repertoire of genes predicted to be involved in DNA repair. 
Another potential driving force of genome reduction is the abandonment of genes with 
low contribution to cellular fitness (Marais et al., 2008). Strains that have higher mutation rates 
due to prior loss of DNA repair systems, are then favored during the colonization of novel 
ecological niches (mutator strain hypothesis). Since all “Ferrovum” strains harbor similar gene 
repertoires associated with DNA repair the mutator strain hypothesis does also not provide an 
explanation for the genome reduction observed in the OTU-2 strains. 
The streamlining hypothesis asserts genome reduction as an effect of natural selection 
brought about by increased cellular economization (Mira et al., 2001; Dufresne et al., 2005; 
D'Souza et al., 2014). Examples for genome streamlining are found among bacteria in oceanic 
habitats (Prochlorococcus, Dufresne et al., 2003; SAR11 group, Grote et al., 2012) where 
genome reduction is presumed to be an adaptation to limited nutrient availability, in particular 
inorganic phosphate (Paytan and McLaughlin, 2007). The inorganic phosphate concentration 
is also extremely low in AMD habitats (Walton and Johnson, 1992). Thus, the genome 
reduction of the OTU-2 strains appears be advantageous since it reduces their inorganic 
phosphate requirement. However, the streamlining hypothesis also states that the 
maintenance of a functional diversity represents another concept to successfully thrive in an 
ecological niche, and thereby addresses the observation, that often not all microorganisms in 
a habitat reduce their genome size (Giovannoni et al., 2014). This may explain, why the “F. 
myxofaciens” strains have larger genomes although being confronted with similar nutrient 
limitations.  
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The Black Queen Hypothesis describes genome reduction as a means of adaptation in 
dependence of the metabolic functions that are harbored by the microbial community (Morris 
et al., 2012). Thus, some community members lose metabolic functions that are dispensable 
for individual members as long as the function remains active in the community and the product 
of the metabolic function is leaked into the community in sufficient amounts. This concept 
provides an explanation on why some essential functions (i.e. nitrogen fixation, detoxification) 
are partitioned in microbial communities and why often only a small fraction of community 
members harbors these functions (Morris et al., 2012; Morris et al., 2014; Martínez-Cano et 
al., 2015). According to this concept genome evolution by genome reduction in the OTU-2 
strains can be placed into the context of the potential functional network of the AMD community 
as illustrated by the following examples.  
In AMD communities nitrogen fixation appears to be restricted to a few community 
members (Méndez-García et al., 2015) including diazotrophic bacteria such as “F. 
myxofaciens” (Johnson et al., 2014), Leptospirillum ferrodiazotrophum (Tyson et al., 2004) or 
A. ferrooxidans (Valdés et al., 2008). Provided that fixed nitrogen compounds for the growth 
of the OTU-2 strains were produced in sufficient amounts by diazotrophic community 
members, losing the ability to fix molecular nitrogen became beneficial for two reasons. First, 
the OTU-2 strains save energy required to maintain the nitrogen fixation machinery and to fix 
nitrogen. Second, the community benefits from the genome reduction of some community 
members due to their reduced nutrient requirements and, thus, the economization of the whole 
community’s nutrient resources (Morris et al., 2012; Morris et al., 2014). Based on their 
metabolic potential the “F. myxofaciens” strains may provide both ammonium via nitrogen 
fixation and amino acids via the PEP-CTERM protein export system for the OTU-2 strains to 
thrive on. A similar role allocation has been discussed for Ferroplasma strains utilizing amino 
acids and ammonium taken up from the environment, and L. ferrodiazotrophum fixing 
molecular nitrogen in an AMD biofilm (Tyson et al., 2004; Tyson et al., 2005).  
The possible abandonment of motility, chemotaxis and the PEP-CTERM protein export 
system (biofilm formation) in both OTU-2 strains may have followed a similar course. These 
metabolic traits are advantageous during the early stages of the colonization of new habitats, 
which may be accomplished by “F. myxofaciens” strains as has been reported for an acid mine 
stream in Wales (Mynydd Parys, Kay et al., 2013). Thus, while the “F. myxofaciens” strains 
appear to maintain a gene repertoire enabling them to colonize new habitats as pioneers, the 
OTU-2 strains may belong to later colonizers, but then benefit from their smaller genome size.  
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Concluding remarks 
The findings from this comparative genome study advance our current knowledge about 
the taxonomic and metabolic diversity of “Ferrovum” spp. and provide an extended framework 
for assigning sequence reads of (environmental) metagenomics studies to these strains and 
close relatives. Thus, it forms the basis to further unravel the ecological functions of “Ferrovum” 
members in the microbial networks of AMD habitats.  
New insights were also gained into the mechanisms of genome evolution and speciation. 
Apparently, horizontal gene transfer mediated by conjugation, transduction and transfer of 
genomic islands together with genome reduction either as potential community-adaptive event 
or as the consequence of genome streamlining have driven diversification of the “Ferrovum” 
strains. This evolutionary episode finally resulted in the speciation of the motile diazotrophic 
“F. myxofaciens” strains and the non-motile OTU-2 strains with smaller genomes. Habitat-
driven genome evolution will be addressed in future studies using the genomes of the 
“Ferrovum” strains derived from the lignite mining site as reference for comparison to 
metagenomic reads of the same habitat, an approach that has already proved suitable for 
other AMD microorganisms including F. acidarmanus (Allen et al., 2007), Sulfolobus spp. 
(Justice et al., 2014) and A. ferrivorans (González et al., 2014). 
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Abstract 
The metabolic profiles of “Ferrovum” spp. were predicted based on their genome 
sequences. The so deduced models of nutrient assimilation, ferrous iron oxidation and stress 
management require further investigations at the transcriptome level in order to elucidate their 
physiological relevance and potential regulatory mechanisms. A multiple bioreactor system 
was evaluated for its suitability to cultivate “Ferrovum”-containing mixed cultures for 
transcriptome studies of “Ferrovum” strains. Therefore a trial transcriptome study on the 
potential response of “Ferrovum” sp. JA12 to different ferrous iron concentrations was 
conducted. Transcriptome data was generated by RNA deep-sequencing (RNA-Seq). Among 
the highest expressed genes under all conditions were those encoding ribosomal proteins, 
enzymes involved in carbon fixation and those encoding cytochromes and respiratory chain 
complexes proposed to be involved in ferrous iron oxidation. The relevance of a number of 
hypothetical proteins for the ferrous iron oxidation is suggested by the high expression levels 
of their encoding genes and the co-localization of these genes with other gene candidates 
associated with ferrous iron oxidation. On the other side, genes predicted to be involved in the 
utilization of alternative nitrogen sources (urea, nitrate), genes encoding the protein 
translocation machinery of the type II secretion system and genes associated with horizontal 
gene transfer were found to be poorly expressed or not expressed. Although ferrous iron 
catalyzes the formation of reactive oxygen species via Haber-Weiss and Fenton reactions no 
stress response of “Ferrovum” sp. JA12 was detected when exposed to high ferrous iron 
concentrations (20 and 50 mM). Taken together the results suggest the principle suitability of 
the multiple bioreactor system for transcriptome studies of “Ferrovum” spp.  
Introduction 
Based on the comprehensive genome analysis of “Ferrovum” sp. JA12 models of the 
aerobic ferrous iron oxidation, nutrient assimilation and stress management have been 
developed (Ullrich et al., 2016). Furthermore, a comparative genome study of four “Ferrovum” 
strains suggests that horizontal gene transfer and genome reduction have contributed to 
speciation within the genus “Ferrovum” (Chapter IV). However, the analysis of genome 
sequences only allows to infer the metabolic potential while the physiological relevance of the 
predicted pathways and models can only be elucidated via further analyses, e.g. at the 
transcriptome and proteome level (e.g. Quatrini et al., 2006; Lo et al., 2007; Goltsman et al., 
2009; Quatrini et al., 2009; Belnap et al., 2011; Goltsman et al., 2013).  
Genome-wide transcriptome analyses either using microarrays (Parro et al., 2007; 
Quatrini et al., 2009; Moreno-Paz et al., 2010) or based on sequencing (Goltsman et al., 2013; 
Chen et al., 2015) have extended insights into the well-studied acidophilic iron oxidizing 
bacteria A. ferrooxidans and Leptospirillum spp., but also into the relevant metabolic functions 
Chapter V: Trial transcriptome study of “Ferrovum” sp. JA12 
 
- 101 - 
 
of AMD communities in different habitats. The differential transcriptome analysis of A. 
ferrooxidans using either ferrous iron or reduced sulfur compounds as electron donor have 
supported the previously proposed model for the ferrous iron oxidation (Appia-Ayme et al., 
1999; Quatrini et al., 2006). The results have also suggested the relevance of further proteins 
in the ferrous iron oxidation, including the cupredoxin-like protein Cup, the protein SdrA1, 
proteins involved in biogenesis of the cytochrome aa3 oxidoreductase, and RegAB, which 
seems to be involved in iron sensing (Quatrini et al., 2006). Combined transcriptome and 
proteome approaches have revealed the transcriptomic fingerprints in planktonic and biofilm-
associated cells of Leptospirillum spp. (Moreno-Paz et al., 2010) and the unique involvement 
of a multicopper oxidoreductase in the ferrous iron oxidation in Leptospirillum group IV species 
(Goltsman et al., 2013).  
The decreasing costs of deep-sequencing techniques in the recent years have 
contributed to the increasing relevance of RNA sequencing using high-throughput approaches 
(RNA-Seq) for (differential) genome-wide transcriptome analyses (Wang et al., 2009). RNA-
Seq has numerous advantages over microarrays including its in-dependence from 
hybridization of probes, the large dynamic range of gene expression levels that can be 
detected, the low background level and the low amount of required RNA (Wang et al., 2009). 
Furthermore, this technique allows the improvement of genome annotation by identifying gene 
boundaries and the prediction of operons (Wiegand et al., 2013). Thus, RNA-Seq appears to 
be a suitable approach to test hypotheses inferred from the genome analysis of “Ferrovum” 
sp. JA12 at the transcriptome level, including the ferrous iron oxidation model, the utilization 
of nitrate and urea as alternative nitrogen sources, and the potential relevance of the urease 
in pH homeostasis.  
Addressing these and other questions requires protocols for the reproducible cultivation 
of “Ferrovum” and the extraction of high-quality total RNA. However, the cultivation of 
“Ferrovum” strains is associated with some obstacles that need to be minimized in order to 
develop an experimental set-up for a genome-wide transcriptome study. First, “Ferrovum” sp. 
JA12 is part of the iron oxidizing mixed culture JA12 which also contains the heterotroph 
Acidiphilium sp. JA12-A1 (Tischler et al., 2013; Ullrich et al., 2015; Ullrich et al., 2016). Their 
ratio to each other has been observed to change in the course of cultivation. Second, the cell 
density of the mixed culture is very low and thus the yield of biomass from cultures to extract 
nucleic acids is very low in comparison to other bacteria. Third, the cellular activity of the iron 
oxidizer “Ferrovum” sp. JA12 is limited to a narrow pH range between values that inhibit abiotic 
oxidation of ferrous iron by oxygen (i.e. pH < 4) and pH 2.5 as lower limit. Fourth, the cultivation 
of the iron oxidizing mixed culture at pH values above 2.5 is accompanied by the formation of 
schwertmannite, which is a ferric iron oxyhydroxy sulfate mineral that precipitates in close 
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proximity to the “Ferrovum” cells (Hedrich et al., 2011a). Ferric iron is produced due to the 
microbial oxidation of ferrous iron by the “Ferrovum” cells (1). Schwertmannite precipitation 
results in the net release of protons from water and thus to a decreasing pH during cultivation 
(2, Hedrich and Johnson, 2012) (3). 
2 𝐹𝑒2+ +  0.5 𝑂2 + 2 𝐻
+  →  2 𝐹𝑒3+ +  𝐻2𝑂  (1) 
8 𝐹𝑒3+ + 𝑆𝑂4
2− + 14 𝐻2𝑂 →  𝐹𝑒8𝑂8(𝑂𝐻)6(𝑆𝑂4) + 22 𝐻
+  (2) 
8 𝐹𝑒2+ + 𝑆𝑂4
2− + 2 𝑂2 + 10 𝐻2𝑂 →  𝐹𝑒8𝑂8(𝑂𝐻)6(𝑆𝑂4) + 14 𝐻
+  (3) 
The present study aims to establish an experimental set-up to conduct whole-genome 
transcriptome studies via RNA-Seq of “Ferrovum” strains in “Ferrovum”-containing mixed 
cultures. In order to minimize cultivation-associated obstacles and to increase the 
reproducibility of the cultivation procedure, a multiple bioreactor system was chosen for 
cultivation. The suitability of the experimental set-up was tested by conducting a trial 
transcriptome study. Therefore the iron oxidizing mixed cultures (JA12) were exposed to 
different concentrations of ferrous iron sulfate and their transcription profiles were compared. 
In this context, special focus was led on the gene candidates proposed to be involved in the 
management of oxidative stress in “Ferrovum” sp. JA12 (Ullrich et al., 2016) since ferrous iron 
catalyzes the formation of reactive oxygen species via Haber-Weiss (Haber and Weiss, 1934) 
and Fenton reactions (Walling, 1975).  
Methods 
Cultivation of the “Ferrovum”-containing mixed culture JA12 
The “Ferrovum”-containing mixed culture JA12 was grown at room temperature in APPW 
medium (Tischler et al., 2013, pH 3.1) with ferrous iron sulfate as electron donor for the iron 
oxidizer “Ferrovum” sp. JA12. Growth of “Ferrovum” sp. JA12 was monitored using ferrous iron 
oxidation as indicator. Ferrous iron concentration was determined in samples using the 
ferrozine method (Viollier et al., 2000). Microbial ferrous iron oxidation by “Ferrovum” strains 
is accompanied by schwertmannite and jarosite formation visible as brown precipitate which 
leads to a decrease of the pH value (Hedrich et al., 2011a). Since growth of “Ferrovum” sp. 
JA12 was only observed down to 2.5, the pH was also monitored during cultivation. Cells for 
the transcriptome study were pre-grown in shaking flasks and used to inoculate three 
bioreactors of a Labfors 5 multiple bioreactor system (Infors HT, Bottmingen, Switzerland) with 
a maximum volume of 2 l each. The workflow is described below in more detail and 
summarized in Figure 1 while the organization and operation of the bioreactor system are 
described in more detail in the Supplementary Material (Organization and operation of the 
Labfors 5 multiple bioreactor system, p. 189; Supplementary Figure 1, p. 191). 
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Up-scaling of pre-cultures for the transcriptome study 
Generation of sufficient amounts of biomass was crucial for the transcriptome study since 
a minimum of 2 µg of total RNA is required for the RNA-Seq approach according to experience 
of the sequencing center (Göttingen Genomics Laboratory). The volume of the four successive 
pre-cultures was scaled up from 50 ml to 3.4 l (Figure 1A). Fresh APPW medium (15 mM 
FeSO4) was inoculated with 5 to 10 % (v/v) of the actively growing previous pre-culture and 
cultivated for seven days at room temperature. Pre-cultures 1 to 3 were grown in culture flasks 
shaken with 90 rpm at room temperature on a bench rotary shaker while pre-culture 4 was 
grown in a 5 l Schott bottle and stirred at 120 rpm using a magnetic stirrer.  
Cells of 3 l of pre-culture 4 were concentrated by centrifugation (5.000 x g) and 
resuspension in 500 ml APPW (pH 3.1, 5 mM FeSO4). The pre-culture concentrate was then 
used to inoculate three bioreactors (Figure 1B). 
Experimental setup of the transcriptome study 
For the transcriptome study three independent experiments were conducted in order to 
provide three replicates of three ferrous iron concentrations. For each of the three independent 
transcriptome experiments three bioreactors were filled with 850 ml APPW medium (pH 3.1) 
and were inoculated with 150 ml of the pre-culture 4 concentrate with 5 mM final concentration 
of FeSO4 (Figure 1B). The bioreactors were started simultaneously from the central controller 
with the cultivation temperature set to 25 °C and the stirring velocity set to 80 rpm (Figure 1C). 
All reactors were aerated with sterile filtered air provided by a central small compressor. The 
redox potential, used as additional indicator for ferrous iron oxidation, temperature and stirring 
rate were monitored online via the central controller while ferrous iron concentration and pH 
were measured in samples taken twice each day.  
After initial growth of the cells was observed, which usually occurred within 24 h after 
inoculation, a feed flask with fresh APPW medium (pH 3.1, 20 mM FeSO4) was installed at 
each of the bioreactors. The gas space of the feed bottles was filled with sterile filtered nitrogen 
gas to prevent abiotic ferrous iron oxidation in the feed solution. Feed flow was provided by 
precision pumps installed to the bioreactor. The feed rate was adjusted manually based on the 
consumption of ferrous iron. The total cultivation volume was kept at 1 l by installing an outflow 
that was driven by a second precision pump.  
Since slightly varied growth in the different bioreactors was observed in each of the three 
transcriptome experiments the cultures were mixed again after 3 days of cultivation (18 h prior 
to harvest) by transferring the culture volume of each reactor into a sterile 5 l Schott bottle 
(Figure 1D). The cultures were mixed and a final concentration of 5 mM FeSO4 was added 
before the cultures were split up again. The cultures were incubated as before but without feed.  
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After 4.5 days of cultivation, the cultures in the bioreactors were exposed to varying 
concentrations of ferrous iron in order to induce oxidative stress via Fenton (Walling, 1975) 
and Haber-Weiss reactions (Haber and Weiss, 1934) (Figure 1E). In reactor 1 the ferrous iron 
concentration was set to 5 mM which corresponded to the concentration level of the previous 
cultivation phase. In reactor 2 the ferrous iron concentration was abruptly increased to 20 mM 
while the concentration in reactor 3 was increased to 50 mM. The other growth parameters 
were kept unchanged for the exposition duration of 1 h. In order to stabilize the cells’ 
transcription profile, 110 ml of stop solution (Bernstein et al., 2002, 10 % (v/v) buffered phenol 
in ethanol) were added to each of reactors and the cells were harvested immediately.  
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Figure 1: Workflow scheme of a transcriptome study of the iron oxidizing mixed culture JA12. 
Description see text. 
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Cell harvest from large culture volumes 
Due to the big culture volume and extremely low cell densities of the culture JA12 the 
cells were harvested by a series of centrifugation steps. The culture volume of each reactor 
was split into two 550 ml fractions and centrifuged for 75 min at 8 °C and 5.000 x g (Figure 
1E). The cells were resuspended in 35 ml of 50 mM oxalic acid in 0.9 % (w/v) NaCl solution in 
order to solubilize the ferric iron precipitates, and the two suspensions of the same reactor 
were united. The cells were centrifuged again for 30 min at 8 °C and 10.000 x g in a bench-
top centrifuge. The cells were washed twice with 0.9 % NaCl in 2 ml plastic tubes. The 
harvested cells of each reactor were stored at -80 °C until total RNA extraction. A very small 
fraction of each reactor was stored separately for analysis of the microbial composition via 
terminal restriction fragment length polymorphism (T-RFLP) analysis as described previously 
(Tischler et al., 2013, see also Supplementary Material p. 192). 
Extraction of total RNA 
Total RNA was extracted using the RNeasy Mini kit (Qiagen, Hilden, Germany) following 
the instructions provided within the kit manual. The cell lysis protocol was modified based on 
protocol 2 described in the Qiagen RNAprotect® Bacteria Reagent Handbook (2nd edition, 
12/2005). Preparation of the workplace, glass ware, plastic ware and diethyl pyrocarbonate 
(DEPC) treatment of water were conducted according to Qiagen RNAprotect® Bacteria 
Reagent Handbook (2nd edition, 12/2005). All buffers and solutions not provided within the kit 
were prepared with DEPC-treated water and RNase-free chemicals.  
The frozen cell pellets were carefully resuspended in 90 µl of TE buffer (10 mM Tris-HCl, 
1 mM EDTA, pH 8.0) and 10 µl of lysozyme solution (150 mg/ml lysozyme, 20.000 U/mg, 
AppliChem GmbH, Darmstadt, Germany). The suspension was incubated at room temperature 
for 10 min and rigorously mixed in 2 min intervals. After addition of 350 µl of RNeasy Mini kit 
RLT buffer and 50 mg acid-washed glass beads (diameter 100 to 200 µm; Sigma Aldrich 
Chemie GmbH, Munich, Germany) the cells were mechanically disrupted by shaking in a 
cooled mixer mill for 5 min at 30 Hz. The lysate was centrifuged for 10 min at 13.200 rpm in a 
bench-top centrifuge. The supernatant was carefully mixed with 220 µl ethanol (absolute) and 
transferred to an RNeasy Mini kit spin column. After centrifugation for 30 s at 14.000 x g the 
spin column was loaded with 700 µl of RNeasy Mini kit RW1 buffer and centrifuged. The spin 
column was loaded twice with 500 µl of RNeasy Mini kit RPE buffer and centrifuged. The empty 
column was then centrifuged again for 1 min to remove remains of the buffer and placed on 
the collection tube. Total RNA was eluted with 35 µl of RNase-free water provided with the kit 
and stabilized by adding 1 µl of the RNase inhibitor RiboGuard (40 U/µl; Epicentre 
Technologies Corp., Madison, Wisconsin, USA). The stabilized total RNA was quantified using 
the NanoDrop (Thermo Scientific, Schwerte, Germany) and stored at -80 °C.  
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Library construction and sequencing 
Library construction and sequencing were conducted at the Göttingen Genomics 
Laboratory. In order to remove genomic DNA the total RNA samples were treated with DNase 
I (RNAse-free, Thermo Scientific, Schwerte, Germany) by addition of the DNase treatment 
buffer (10x) to a final concentration of 1x and 2 U of DNase I. The mix was incubated for 30 min 
at 37 °C. RNA was recovered using the RNeasy MinElute Cleanup kit (Qiagen, Hilden, 
Germany) according the manufacturer’s instructions and the RNA concentration was 
determined using the Qubit Fluorometer (Invitrogen, Carlsbad, California, US). Ribosomal 
RNA was depleted using the Ribo-Zero Magnetic Kit for bacteria (Epicentre Technologies 
Corp., Madison, Wisconsin, USA) according to the manufacturer’s instruction. Remaining RNA 
was purified using RNeasy MinElute Cleanup kit, quantified (Qubit Fluorometer) and 
dephosphorylated. Therefore 5 U Antarctic Phosphatase (NEB, New England Biolabs Ltd, 
Whitby, Canada) and 10x Antarctic Phosphatase Reaction Buffer (NEB) to a final 
concentration of 1x were added and the mix was incubated at 37 °C for 15 min. After 
purification (RNeasy MinElute Cleanup kit) the RNA was adenylated by addition of 10 U of T4 
Polynucleotide Kinase (NEB), 10x T4 Polynucleotide Kinase (NEB) to a final concentration of 
1x and ATP (NEB) to a final concentration of 1 µM. The reaction mix was incubated at 37 °C 
for 30 min. The poly(A)-tailed RNA was recovered using the RNeasy MinElute Cleanup kit and 
40 U of RNase OUT (Invitrogen) were added. Libraries for Illumina sequencing were 
constructed using the NEBNext Ultra Directional RNA Library Prep Kit for Illumina according 
to the E7420 protocol (https://www.neb.com/protocols/2015/06/09/protocol-for-use-with-
purified-mrna-or-ribosome-depleted-rna-e7420). For the adapter ligation NEBNext Multiplex 
Oligos for Illumina (primer set E7335) were used. For purification of the PCR products after 
PCR library enrichment AMPure XP Beads were used. Prior to sequencing DNA fragments 
smaller than 150 bp were removed using the GeneRead Size Selection Kit (Qiagen). The 
quality of the cDNA library was assessed on the Bioanalyzer (Agilent, Waldbronn, Germany) 
using the DNA High Sensitivity Chip (Agilent). The libraries were sequenced by the Illumina 
Genome Analyzer IIx.  
Data analysis 
Processing of raw data 
The Illumina sequence reads were pre-processed using Trimmomatic with quality filter 
Phred33 (Bolger et al., 2014) resulting in the removal of technical sequence reads (adapters, 
PCR primers) and too short reads. Reads mapping to rRNA and tRNA genes were identified 
and eliminated using Bowtie2 (Langmead and Salzberg, 2012). The remaining reads were 
mapped to the genomes of “Ferrovum” sp. JA12 and Acidiphilium sp. JA12-A1. The gene 
expression levels were quantified for the genome of “Ferrovum” sp. JA12 and were functionally 
analyzed. 
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Quantification of gene expression levels 
Transcription levels for each gene locus were quantified by the determination of NPKM 
(nucleotide activity per kilobase of exon model per million mapped reads) values (Wiegand et 
al., 2013). NPKM values represent a base-resolved derivative of RPKM (reads per kilobase of 
exon model per million reads) as defined previously (Mortazavi et al., 2008). Briefly, the read 
count of each gene locus is normalized to its length in bp and to the total number of sequence 
reads of the transcriptome dataset that were mapped to the genome. This approach allows the 
comparison of gene expression levels of different loci in the genome and between different 
experiments assuming a uniform distribution of aligned reads across the genome and 100 % 
efficiency of cDNA synthesis (Mortazavi et al., 2008; Wiegand et al., 2013). NPKM values were 
determined using TraV (Dietrich et al., 2014). 
Functional analysis 
In order to detect global changes between the gene expression profiles of the different 
conditions, the genes were functionally categorized based on the COG classification (Tatusov 
et al., 2000) as described previously (Chapter IV). The datasets were furthermore filtered for 
highly and poorly expressed genes and for gene candidates predicted to be involved in 
oxidative stress management (Ullrich et al., 2016) in order to detect local changes. For 
comparison of the different conditions the median of the gene expression levels of replicates 
was determined, which is preferred over the mean value when distribution of the 
measurements is unknown (Wade, 2015).  
Results 
Cultivation of the mixed culture JA12 in the multiple bioreactor system 
Growth monitoring 
During the cultivation in the multiple bioreactor system temperature, aeration, stirring 
velocity and culture volume were kept constant. Fresh medium was supplied via the feed 
inflow. The redox potential was monitored online, whereas samples were taken to determine 
the ferrous iron concentration photometrically and to measure the pH value.  
Metabolic activity and growth of the iron oxidizer “Ferrovum” sp. JA12 in the mixed culture 
JA12 was indicated indirectly by decreasing ferrous iron concentrations and increasing redox 
potentials mainly caused by changing ratios of ferrous and ferric iron species during cultivation. 
The course of the monitored cultivation parameters is shown for all bioreactor runs of the 
transcriptome experiments in Figure 2. 
The starting conditions of the three bioreactors of the first experiment were found to vary 
with respect to ferrous iron concentration and redox potential despite being handled similarly. 
In comparison to reactors 1 and 2 the ferrous iron concentration in reactor 3 was 2 mM lower 
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while the redox potential was 100 mV higher than in the reactors 1 and 2. Within 24 h after 
inoculation “Ferrovum” sp. JA12 regained metabolic activity in reactors 1 and 2 as indicated 
by the slightly decreased ferrous iron concentration and increased redox potential. Similar 
tendencies were observed in reactor 3 but the cells appeared to be less active within the first 
24 h. The “Ferrovum” sp. JA12 cells remained active during the cultivation as indicated by the 
increasing redox potentials in reactor 2 and 3. The pH value remained relatively stable at 
approximately 2.5 to 2.6 in all reactors.  
In the second experiment the metabolic activity of the “Ferrovum” sp. JA12 cells was 
observed shortly after inoculation with exception of reactor 1. While the redox potential 
constantly increased and the ferrous iron concentration decreased in reactors 2 and 3 both 
parameters remained nearly constant in reactor 1 indicating a lack of microbial activity. 
However, while cells in reactor 1 and 2 recovered from the mixing process, indicated by the 
slightly increasing redox potential, the cells in bioreactor 3 appeared to remain less active than 
before. The pH value decreased from 2.9 to 2.7 during the cultivation. 
During the third experiment the ferrous iron was completely consumed within the first 24 
h after inoculation in all three reactors. The cells furthermore completely oxidized the ferrous 
iron provided by the feed inflow. To prevent dilution of the culture the feed flow was not further 
increased. In all reactors “Ferrovum” sp. JA12 was still active after mixing. The pH value slightly 
decreased from 2.9 after inoculation to 2.7 prior to oxidative stress induction.  
After 92 h of cultivation the cultures of each of the reactors were exposed to a different 
concentration of ferrous iron. Reactor 1 of each experiment served as control with unchanged 
ferrous iron concentration (5 mM) while ferrous iron sulfate solution was added to reactor 2 
and 3 to a final concentration of 20 mM or 50 mM. After one hour of exposition the cells were 
harvested. 
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Microbial composition 
The mixed culture JA12 has been reported to contain the iron oxidizer “Ferrovum” sp. 
JA12 and the heterotroph Acidiphilium sp. JA12-A1 (Tischler et al., 2013; Ullrich et al., 2015; 
Ullrich et al., 2016). The ratios of both in the harvested cultures were inferred by terminal 
restriction fragment length polymorphism (TRFLP) analysis using three restriction 
endonucleases to digest 16S rRNA gene fragments. Details on the methodology and relative 
abundances determined for each of the three restriction enzymes are given in the 
Supplementary Materials (Investigation of the microbial composition in the iron oxidizing mixed 
culture JA12, Supplementary Table 1, p. 192). The ratios of “Ferrovum” sp. JA12 and 
Acidiphilium sp. JA12-A1 were estimated based on the averaged relative abundances of 
“Ferrovum”- and Acidiphilium-specific terminal restriction fragments (TRFs) produced by the 
three restriction endonucleases (Table 1).  
Table 1: Estimated ratios of “Ferrovum” spp. and Acidiphilium spp. in the harvested cells 
inferred by TRFLP analysis. Peaks in the electropherogram were assigned to specific TRFs of 
“Ferrovum” spp. and Acidiphilium spp.. Their relative abundances were determined based on the 
ratios of peak areas assigned to “Ferrovum” spp. and Acidiphilium spp. and the total peak area for 
each of the restriction endonucleases. The inferred relative abundances varied depending on the 
enzyme used for the restriction endonuclease digestion. The averaged relative abundances and the 
variance between the three enzymes are shown. The ratio of “Ferrovum” spp. and Acidiphilium spp. 
was calculated from the averaged relative abundances. No peaks above the background level are 
indicated by “-“. 
  Relative abundance 
“Ferrovum” spp. (%) 
Relative abundance 




Experiment Condition Average Variance Average Variance 
1 
5 mM 18.80 7.07 77.65 2.05 1:4.1 
20 mM  11.17 3.16 75.50 20.99 1:6.8 
50 mM  22.90 3.22 67.80 7.85 1:3.0 
2 
5 mM - - - - - 
20 mM  27.83 6.38 72.23 6.35 1:2.6 
50 mM  29.15 8.13 52.40 4.95 1:1.8 
3 
5 mM 41.60 4.53 55.95 7.99 1:1.3 
20 mM  85.90 1.27 14.10 8.19 6.1:1 
50 mM  50.00 23.33 52.35 21.57 1:1 
The ratios of “Ferrovum” sp. JA12 and Acidiphilium sp. JA12-A1 in the harvested cells 
were not reproducible between the different experiments. They also varied between the 
different reactors of the same experiment although all reactors were inoculated with the same 
pre-culture and despite mixing the culture of the bioreactor prior to exposure to different ferrous 
iron concentrations and cell harvest. These variances were mainly introduced by the different 
relative abundances inferred from the restriction patterns of the restriction endonuclease AluI 
in comparison to those of the enzymes HhaI and HaeIII (Supplementary Table 1).  
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However apparently, Acidiphilium spp. was more abundant than “Ferrovum” spp. in all 
reactors of the experiments 1 and 2 while the ratio was shifted slightly in favor of “Ferrovum” 
spp. in the reactors of experiments 3. This may explain the rapid consumption of ferrous iron 
and rapid the increase of the redox potential in the three reactors of experiment 3.  
RNA sequencing (RNA-Seq) 
From the harvested cells of each reactor total RNA amounts between 0.5 and 4 µg were 
extracted. Since Illumina sequencing libraries were only constructed from samples with a 
minimum of 2 µg of total RNA, none of the samples of experiment 2 and the sample of reactor 
3 (50 mM) of experiment 3 were sequenced. Statistics of the data processing of the whole-
genome transcriptome data of all other samples is summarized in Table 2 (for more details 
see also Supplementary Table 2, p. 193). 
The Illumina sequencing of the cDNA libraries yielded between 6.2 and 8 million 
sequences reads. Between 5 and 8.5 % of these reads were removed from the datasets due 
to low quality or due to alignment to rRNA and tRNA genes prior to further data processing. 
Up to 5 % of the remaining reads were neither aligned to the genome of “Ferrovum” sp. JA12 
nor of Acidiphilium sp. JA12-A1 (unmapped reads). The unmapped reads include experimental 
artifacts that were not removed from datasets during pre-processing, such as concatenated 
adaptors or sequences with more than 2 mismatches to the reference genomes (“Ferrovum” 
sp. JA12, Acidiphilium sp. JA12-A1) (Wiegand et al., 2013). However, in all samples at least 
94.5 % of the reads were mapped to the genomes of the mixed culture JA12.  
In all datasets the majority of the reads (79 to 92 %) were aligned to “Ferrovum” sp. JA12, 
while the minority (4 to 16 %) was aligned to Acidiphilium sp. JA12-A1. With exception of the 
condition 20 mM of experiment 3 the overall alignment rates to both genomes were very 
similar. For the subsequent data analysis, the gene expression levels were determined for the 
whole genome of “Ferrovum” sp. JA12 based on the read count of each gene and the total 
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Table 2: RNA-Seq data processing statistics of the mixed culture JA12. Sequence reads of the 
cDNA libraries were quality filtered using Trimmomatic (Bolger et al., 2014, Phred33). Low quality 
reads and reads aligned to rRNA and tRNA were removed from the datasets during pre-processing. 
The remaining reads were aligned to the genomes of “Ferrovum” sp. JA12 and Acidiphilium sp. 
JA12-A1 using Bowtie2 (Langmead and Salzberg, 2012). The read counts and percentage from 
total read count are given for experiments 1 and 3 of the conditions 5 mM and 20 mM FeSO4 and 
for experiment 1 of the condition 50 mM. 
  5 mM 20 mM 50 mM 
  1 3 1 3 1 
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alignment rate 3.90 % 4.18 % 7.27 % 16.2 % 5.86 % 
Unmapped 
reads Aligned 0 times 4.44 % 5.16 % 4.85 % 4.77 % 2.67 % 
 
Functional categorization of expressed genes 
In order to compare the gene expression of different loci and between the conditions 
NPKM values were determined based on the normalization of the read count of a gene locus 
to its length and the total number of reads that were aligned to the genome (Wiegand et al., 
2013; Dietrich et al., 2014). The NPKM values of the gene loci of “Ferrovum” sp. JA12 are 
summarized in Supplementary Table 3 (p. 194). 
The gene expression profiles were first analyzed globally based on functional 
categorization. For that the protein-coding genes of “Ferrovum” sp. JA12 were assigned to the 
22 COG classes (Tatusov et al., 2000) and to predicted mobile genetic elements (Ullrich et al., 
2016), termed category X, while all genes not assigned to these functions were defined as “not 
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assigned” (n.a.). In order to visualize any global changes of the gene expression patterns the 
average gene expression strength was determined for each of these functional categories. 
Therefore the sum of the NPKM values of the genes within the category were normalized to 
the gene count of the category. For the conditions 5 mM and 20 mM FeSO4 the data of the 
experiments 1 and 3 were available for analysis while for the condition 50 mM FeSO4 only data 
of experiment 1 was accessible for analysis (Figure 3; Supplementary Table 4, p. 195).  
Based on the functional categorization, the expression profiles under all three conditions 
appeared to be similar for most of the COG classes and for category X. The highest average 
gene expression strength was observed for the COG classes J (translation, ribosomal structure 
and biogenesis), Q (secondary metabolite biosynthesis, transport and metabolism), C (energy 
production and conversion), and n.a. in case of the conditions 5 mM and 20 mM. Class J mainly 
includes genes encoding ribosomal proteins and amino acid acyl-tRNA synthases (see also 
Supplementary Table 3, p. 194). Class Q includes genes predicted to be involved in fatty acid 
and quinone biosynthesis, and genes associated with the carbon concentrating mechanism 
(carboxysome). Class C mainly includes the genes encoding the respiratory chain complexes 
and genes involved in carbon fixation. In this context, genes encoding cytochromes and the 
cbb3-type terminal oxidase, which were reported to be involved in ferrous iron oxidation (Ullrich 
et al., 2016), were also found to be expressed as well as all genes encoding enzymes of the 
tricarboxylic acid cycle (FERRO_07380, FERRO_07390, FERRO_10690, FERRO_15240, 
FERRO_17490 - FERRO_17560, FERRO_17610, FERRO_17620, FERRO_19720, 
FERRO_19290) and the formate dehydrogenase-encoding genes (FERRO_08020 - 
FERRO_08060) (Supplementary Table 3).  
On the other side the lowest average gene expression strength was observed for the 
COG classes N (cell motility) and B (chromatin structure and dynamics), and for the mobile 
genetic elements (category X) under all conditions. COG class N includes genes associated 
with the type II secretion system, which is involved in protein translocation over the periplasmic 
membrane in other gram-negative bacteria (Korotkov et al., 2012). The type II secretion system 
encoding genes are also assigned to COG class U (intracellular trafficking, secretion, and 
vesicular transport). COG class B includes only a deacetylase-encoding gene. The genes in 
category X were characterized by the lowest average gene strength. The highest and lowest 
expressed genes under all conditions were analyzed in further detail in the following sections 
(Functional assignment of highly expressed genes, p. 117; Functional assignment of poorly 
expressed genes, p. 121). 
The average gene expression strength of the COG classes Q, F, G, C, O, M and J, and 
of the category n.a. were found to vary between the experiments 1 and 3 (Figure 3; 
Supplementary Table 4, p. 195). Apparently, the bioreactor run influenced the gene expression 
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profiles between the experiments of the same condition. This notion is further supported by the 
observation that the NPKM values between the three conditions of experiment 1 varied to a 
smaller degree than the NPKM values of experiment 1 and 3 of the conditions 5 mM and 20 
mM FeSO4 (i.e. COG classes D, V, O, C, G, E, F, H, I; Supplementary Table 4).  
However, within the margins of these variations, the gene expression profiles of the 
conditions 5 mM and 20 mM FeSO4 appeared to be very similar while the average gene 
expression strength of some of the functional categories varied under the condition 50 mM 
FeSO4. In this context, the average gene expression strength of the COG classes Q 
(secondary metabolite biosynthesis, transport and metabolism), G (carbohydrate transport and 
metabolism) and J (translation, ribosomal structure and biogenesis) was found to be increased 
in comparison to the other conditions while the average expression strength of genes not 
assigned to COGs (n.a.) was extremely decreased in the condition 50 mM FeSO4. A more 
detailed inspection of genes assigned to these COG classes revealed the higher NPKM values 
of genes involved in fatty acid synthesis and those encoding carboxysome shell proteins (Q). 
Genes encoding the carboxysome shell proteins are localized within the carboxysome cluster 
together with one set of genes encoding the subunits of the ribulose-1,5-bisphophate 
carboxylase/oxygenase (RuBisCO, class G). Under the condition 50 mM FeSO4 the gene 
expression of the complete carboxysome cluster was found to be increased (Supplementary 
Table 5, p. 197 and Supplementary Figure 2, p. 198). Furthermore, also the second copies of 
the RuBisCO genes co-located with genes encoding enzymes of the Calvin-Benson-Bassham 
cycle (G) were higher expressed under the condition 50 mM FeSO4 (FERRO_14010, 
FERRO_14020; Supplementary Table 3, p. 194). However, the highest increase of the 
average gene expression strength was observed for COG class J. In this context, a huge gene 
cluster encoding ribosomal proteins was found to be expressed at a higher level under the 
condition 50 mM FeSO4 than under the other conditions (Supplementary Table 6, p. 199 and 
Supplementary Figure 3, p. 201). The NPKM values of genes encoding the translation 
elongation factor 1A (FERRO_06550), which mediate the binding of aminoacyl-tRNAs to the 
ribosome during protein biosynthesis, and the ribosome recycling factor (FERRO_09100) were 
also increased (Supplementary Table 3, p. 194).  
Chapter V: Trial transcriptome study of “Ferrovum” sp. JA12 
 
- 116 - 
 
 
Figure 3: Average expression strength of genes by COG classes. The average gene expression 
strength is indicated by the NPKM values normalized to the number of genes assigned to the COG 
class. For the condition 5 mM FeSO4 (red) and condition 20 mM (blue) the median of the NPKM 
values/gene count of the experiments 1 and 3 are given. Minimum and maximum values of both 
experiments are indicated by error bars. For the condition 50 mM (green) only NPKM values/gene count 
of experiment 1 are given. X represents mobile genetic elements including (transposases, integrases 
and phage-associated genes) according to the predictions reported previously (Ullrich et al., 2016) and 
n.a. represents all genes not assigned to any COG class. COG classes are: S, function unknown; R, 
general function prediction only; Q, secondary metabolite biosynthesis, transport and metabolism; P, 
inorganic ion transport and metabolism; I, lipid transport and metabolism; H, coenzyme transport and 
metabolism; F, nucleotide transport and metabolism; E, amino acid transport and metabolism; G, 
carbohydrate transport and metabolism; C, energy production and conversion; O, posttranslational 
modification, protein turnover, chaperones; U, intracellular trafficking, secretion, and vesicular transport; 
N, cell motility; M, cell wall/membrane/envelope biogenesis; T, signal transduction mechanisms, V, 
defense mechanisms; D, cell cycle control, cell division, chromosome partitioning; B, chromatin structure 
and dynamics; L, replication, recombination and repair; K, transcription; A, RNA processing and 
modification; J, translation, ribosomal structure and biogenesis. 
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The global analysis revealed that the top 10 % of the expressed genes represented most 
of the COG classes with exception of classes A (RNA processing and modification) and B 
(chromatin structure and modification), and predicted mobile genetic elements (X). The 
percentages of genes assigned to the COG classes R, S, T, V and D were similar under all 
conditions. These classes are associated either with poorly characterized genes (R, S), cellular 
processes (T, V) or information storage (D). Furthermore, the three largest fractions were COG 
classes J (translation, ribosome structure and biogenesis) and C (energy production and 
conversion) and genes not assigned to COGs. This was in accordance with the previous 
observation that these categories harbored the genes with highest average expression 
strength (Figure 3).  
Apart from the again observed discrepancies between the different experiments the fraction of 
genes belonging to the COG classes J and R the percentage varied considerably between the 
three different conditions. While the fraction of genes assigned to COG class J gradually 
increased from the condition 5 mM over 20 mM to 50 mM FeSO4, the fraction of genes 
assigned to COG class R decreased from 50 mM to 5 mM FeSO4.  
The datasets were furthermore filtered for the 25 highest expressed genes which are shown 
in Table 4. These genes were functionally characterized at the gene level and compared under 
all conditions and between the experiments.  
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Table 4: The 25 highest expressed genes ordered by predicted metabolic function. The locus tag and 
annotation are given for the 25 highest expressed genes under the three conditions. Plus (+) indicates the 
presence of a gene among the 25 highest expressed genes, while minus (-) indicates absence. For the 
conditions 5 mM and 20 mM FeSO4 data for the experiments 1and 3 are presented while for the condition 





5 mM 20 mM 50 mM 
1 3 1 3 1 
Ribosomal 
proteins 
06480 LSU ribosomal protein L10P - - - - + 
06490 LSU ribosomal protein L12P - - - - + 
06670 LSU ribosomal protein L14P - - - - + 
06790 LSU ribosomal protein L36P + - + - + 
03810 SSU ribosomal protein S20P - + - + - 
11670 ribosomal protein L33 - - - + - 
DNA-binding 
proteins 
10700 cold shock protein + + + + + 
11950 cold-shock DNA-binding protein  + + + + + 
14800 bacterial nucleoid protein Hbs + - + - + 
Cell envelope 
and membrane 
07150 outer membrane protein (porin) + + + + + 
11830 nucleotide sugar dehydrogenase - - + - - 
16750 acyl carrier protein + + + + + 
19460 peptidoglycan-associated 
lipoprotein 





02560 cbb3-type cytochrome oxidase, 
cytochrome c subunit (subunit 2) 
+ + + + + 
02570 cbb3-type cytochrome oxidase, 
subunit 1 
+ + + + + 
02680 cytochrome c553 + + + + + 
13920 cytochrome  c553 + - + - + 
04500 ATP synthase, F0 subunit c + - - - - 
Carbon fixation 
14010 RuBisCO, small subunit  + + + + + 
08230 RuBisCO, large subunit  + - + - + 
08240 RuBisCO, small subunit  + - + - + 
PHA metabolism 09440 phasin family protein + + + + + 
Unknown 
00030 hypothetical protein + + + + + 
00190 hypothetical protein + + + + + 
02410 hypothetical protein + + + + + 
02520 hypothetical protein - + - + - 
02530 hypothetical protein - - - - + 
02540 hypothetical protein + + + + + 
02550 hypothetical protein + + + + + 
02580 hypothetical protein + + + + - 
02670 hypothetical protein + + + + + 
05340 hypothetical protein - + - - - 
09890 hypothetical protein - + - + - 
10650 hypothetical protein - + - + - 
14740 hypothetical protein - + - + - 
16380 pentapeptide MXKDX repeat 
protein 
+ + + + - 
16930 hypothetical protein + + + + - 
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The highest expressed genes under all conditions were predicted to encode ribosomal 
proteins, DNA-binding proteins and proteins associated with the cell envelope, carbon fixation, 
ferrous iron oxidation, polyhydroxyalkanoates, but also a number of hypothetical proteins with 
unknown function. Under all conditions and in all experiments genes encoding the subunits 1 
(FERRO_02570) and 2 (FERRO_02560) of the cbb3-type cytochrome c oxidase and 
cytochromes c553 (FERRO_02680, FERRO_13920) belonged to the highest expressed genes. 
The cbb3-type cytochrome c oxidase was proposed to act as terminal oxidase in the downhill 
branch of the ferrous iron oxidation in the “Ferrovum” strains transferring electrons to the 
terminal electron acceptor oxygen (Ullrich et al., 2016; Chapter IV). The cytochrome c553 
encoded by a co-localized gene (FERRO_02680) was furthermore presumed to substitute the 
missing subunit 3 (Ullrich et al., 2016). The genes encoding the cbb3-type terminal oxidase 
and several cytochromes are located in a gene cluster that also harbors numerous hypothetical 
proteins which were also highly expressed under all conditions (Supplementary Table 7, p. 
202; Supplementary Figure 4, p.203). Although no function could be predicted for any these 
hypothetical proteins, their best blast hits were hypothetical proteins in the iron oxidizing 
bacteria “Ferrovum myxofaciens” P3G, Sideroxydans lithotrophicus, Mariprofundus 
ferrooxydans PV-1 and an unclassified Burkholderiales bacterium GJ-E10 (Fukushima et al., 
2015) (Supplementary Table 8, p. 204). The hypothetical proteins shared between 73 % and 
39 % sequence identities with their best hits in these bacteria. The gene FERRO_02670 
encoding one of these hypothetical proteins was the highest expressed gene under all 
conditions and in all experiments. The encoded hypothetical protein contains the conserved 
cysteine residues of high potential iron sulfur proteins (Ullrich et al., 2016). 
The cytochrome c553 encoding gene FERRO_13920 belonged to highest expressed genes of 
experiment 1 under all conditions though it was not to among the 25 highest expressed genes 
in experiment 3. This gene was found to be co-localized with a gene (FERRO_13930) encoding 
the Cyc2-like high molecular mass cytochrome presumed to oxidize ferrous iron in the outer 
membrane (Ullrich et al., 2016). Although the latter was not identified within the 25 highest 
expressed genes it was still highly expressed (Supplementary Table 3, p. 194).  
Genes involved in carbon fixation represented another group among the highest expressed 
genes. At least one copy of the gene encoding the small subunit of the RuBisCO 
(FERRO_14010) belonged to the 25 highest genes under all conditions, while in experiment 1 
also the second set of RuBisCO genes located in the carboxysome gene cluster belonged to 
the 25 highest expressed genes. 
Under all conditions the highly expressed genes associated with the cell envelope and cellular 
membranes were predicted to encode an acyl carrier protein (FERRO_16750) involved in fatty 
acid biosynthesis and two outer membrane proteins (FERRO_07150, FERRO_19460). The 
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outer membrane porin (FERRO_07150) was predicted to contain the conserved domains of 
porins of gram-negative Proteobacteria and the OmpC channel. These porins are involved in 
transport of small hydrophilic molecules, but were also hypothesized to retain buffering 
molecules in the cell under acid stress due to the narrow diameter of the channel (Nikaido, 
2003).  
The cold shock proteins encoded by two highly expressed genes under all conditions are 
known to bind single stranded DNA in other bacteria (Horn et al., 2007). The encoding genes 
were found to be highly expressed in Escherichia coli after exposure to low temperatures, but 
also under optimal growth conditions (Weber and Marahiel, 2003). Thus, they were proposed 
to be involved in transcription regulation (Weber and Marahiel, 2003). Under all conditions in 
experiment 1 the encoding gene of the bacterial nucleoid protein Hbs (FERRO_14800) 
belonged to 25 highest expressed genes and the gene was also highly expressed in the other 
experiments (Supplementary Table 3, p. 194). The bacterial nucleoid protein Hbs was 
predicted to contain the conserved domain of histone-like DNA-binding proteins HU which are 
involved in numerous DNA-depending functions including gene transcription and DNA 
recombination (Grove, 2011). 
In accordance with the previous observation of the increased expression of ribosomal protein 
encoding genes several of them represented the highest expressed genes under the condition 
50 mM FeSO4, while the expression was lower under the other conditions (Supplementary 
Table 6, p. 199). 
Functional assignment of poorly expressed genes 
The datasets were filtered for the 200 lowest expressed genes of “Ferrovum” sp. JA12 
which were analyzed at the gene level (Supplementary Table 9, p. 205). Among the lowest 
expressed genes were mainly genes either not assigned to a COG class (n.a.) and genes 
assigned to the functional category X. Other genes that are only expressed at very low levels 
are those predicted to encode one set of the type IV secretion system (VirB/D4 proteins, 
FERRO_12270 to FERRO_12480) potentially involved in conjugation (Ullrich et al., 2016).  
Also some genes involved nitrogen metabolism were found to be poorly expressed 
including those encoding the urea ABC transporter (FERRO_11960 to FERRO_11990), the 
nitrate (FERRO_18020) and nitrite reductase (FERRO_18000) and two nitrogen regulation 
proteins of the P-II family (FERRO_05130, FERRO_05150). The latter (FERRO_05150) is co-
located with the gene encoding the ammonium channel AmtB (FERRO_05160), which was 
also expressed at a low level though it did not belong to the 200 lowest expressed genes 
(Supplementary Table 3, p. 194). Intriguingly, a third gene encoding a nitrogen regulation 
proteins of the P-II family (FERRO_13580) was found to be much higher expressed than the 
other two (Supplementary Table 3).  
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Among lowest expressed genes 71 were found to be not expressed under any of the 
conditions (Supplementary Table 10, p. 205). Most of them were predicted to be associated 
with horizontal gene transfer (Ullrich et al., 2016) including transposases, integrases, plasmid- 
and phage-related genes and the second set of the VirB/D4 proteins (FERRO_14100 to 
FERRO_14340) or predicted hypothetical proteins. The majority of the not expressed genes 
are predicted alien genes (65) and most of them are located on one of the putative genome 
islands (52) (Chapter IV). 
Comparison of expression levels of genes predicted to be involved in oxidative stress 
management 
The datasets were filtered for the genes predicted to be involved in the management of 
oxidative stress (Ullrich et al., 2016). Their NPKM values were compared in order to investigate 
potential variations in their gene expression levels in dependence of the ferrous iron 
concentration (Figure 4; Supplementary Table 11, p. 206). 
An overall high expression was observed for the encoding genes of the superoxide 
dismutase (FERRO_09790), a thioredoxin (FERRO_09750) and three peroxiredoxins 
(FERRO_00200, FERRO_08490, FERRO_19830) involved in the detoxification of reactive 
oxygen species (ROS) and organic peroxides as well as in protein repair. Genes involved in 
DNA repair were expressed at far lower levels under all conditions. Peroxiredoxins were 
classified based on their reactive sites and their catalytic mechanism (Hall et al., 2011). The 
highly expressed peroxiredoxins in “Ferrovum” sp. JA12 represented AhpC-type 
peroxiredoxins (FERRO_00200, FERRO_08490) and a BCP-type peroxiredoxin. Intriguingly, 
of the eight peroxiredoxin-encoding genes only three were highly expressed under all 
conditions while the other genes (FERRO_04850, FERRO_03460, FERRO_09950, 
FERRO_10120) were expressed at lower levels. 
Under the condition 50 mM the expression of some of the gene candidates was 
increased in comparison to the other conditions including FERRO_10260 (DNA-binding 
ferritin), FERRO_13710 (thioredoxin recycling thioredoxin-disulfide reductase), and two genes 
involved in glutathione biosynthesis (FERRO_05000, FERRO_10430). 
Similar to previous notions (Figure 3, Table 3, Table 4) the gene expression of several 
genes varied strongly between the experiments. In case of genes predicted to be involved in 
oxidative stress management this affected FERRO_04850, FERRO_00200, FERRO_13710, 
FERRO_18990, FERRO_10430 and FERRO_01830. 
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Figure 4: Expression levels of gene candidates predicted to be involved in oxidative stress 
management. The genes predicted to be involved in oxidative stress management (Ullrich et al., 2016) 
are indicated by Locus tags (for annotations see Supplementary Table 11, p. 206) and classified by 
function. For the conditions 5 mM (red) and 20 mM FeSO4 (blue) the median of the NPKM values of the 
experiments 1 and 3 is given. Minimum and maximum values among both experiments are indicated by 
error bars. For the condition 50 mM (green) only NPKM values of experiment 1 are given. ROS, reactive 
oxygen species. 
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Discussion 
A transcriptome study investigating the potential response of the iron oxidizer “Ferrovum” 
sp. JA12 to different ferrous iron concentrations was conducted in order to elucidate the 
suitability of a multiple bioreactor system to provide biomass for genome-wide transcriptome 
studies. The experimental set-up involved the parallel cultivation of the mixed culture JA12 in 
three bioreactors with a constant low feed of FeSO4 until two cultures were exposed to 20 mM 
or 50 mM FeSO4 for one hour while the third culture was used as control (5 mM FeSO4). The 
experiment was repeated twice to provide three replicates for each condition for the 
subsequent transcriptome study based on RNA-Seq datasets.  
All samples of experiment 2 and the sample of 50 mM of experiment 3 yielded less than 
1 µg of total RNA. Since this amount was very close to the minimum amount required for rRNA 
depletion using the Ribo-Zero rRNA Removal Kit for bacteria (Giannoukos et al., 2012), no 
sequencing libraries were constructed from these samples. However, the amount of 2 µg of 
total RNA yielded for the other samples was a suitable amount to effectively remove rRNA 
prior to the library construction as was indicated by the very low fraction of sequences reads 
that mapped to rRNA genes.  
The sequencing of the Illumina libraries yielded 6.2 to 8 million reads of which 5 to 6.7 
million reads were aligned to the genome of “Ferrovum” sp. JA12. Since a sequencing depth 
of 5 to 10 million reads was found to be sufficient to detect also rare transcripts of genomes 
with sizes between 4 and 5 Mbp (Haas et al., 2012), the sequencing depth applied to the mixed 
culture JA12 was enough to detect and quantify the expression even of very poorly expressed 
genes of “Ferrovum” sp. JA12 (2 Mbp). The sum of the overall alignment rates to either of the 
genomes of the mixed culture JA12 (“Ferrovum” sp. JA12, Acidiphilium sp. JA12-A1) was 
higher than 90 % in all samples, which indicates a very good sequencing quality and a low rate 
of sequencing errors (Conesa et al., 2016). 
For the conditions 5 mM and 20 mM FeSO4 the transcriptome datasets of the 
experiments 1 and 3 were available for analysis, while for the condition 50 mM only the dataset 
of experiment 1 was available for analysis. The datasets were analyzed for global changes of 
the gene expression patterns based on functional categorization of genes and for changes in 
the expression levels of previously proposed gene candidates involved in the oxidative stress 
management. The transcriptomes were furthermore inspected with respect to the models 
proposed for ferrous iron oxidation, nutrient assimilation and relevance of mobile genetic 
elements (Ullrich et al., 2016; Chapter IV). 
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Metabolic pathways relevant under culture conditions mimicking the natural 
conditions in the mine water treatment plant  
The cultivation conditions in the bioreactor reflected the conditions in the natural habitat 
of “Ferrovum” sp. JA12, the mine water treatment plant Tzschelln, with respect to the chemical 
composition and pH of the water inflow of the plant (Tischler et al., 2013). Thus, the 
investigation of the gene expression allows to infer which pathways may also be relevant for 
the metabolic activity of “Ferrovum” sp. JA12 in the mine water treatment plant. While the 
expression of genes encoding ribosomal proteins is generally high in growing cells, the 
functional categorization of further highly expressed genes and the analysis of the low 
expressed genes extended the previous genome-based insights into the physiological 
potential of “Ferrovum” sp. JA12 (Ullrich et al., 2016; Chapter IV).  
Novel insights into the energy metabolism of “Ferrovum” sp. JA12 
Apart from the ribosomal protein-encoding genes (COG class J) also genes assigned to 
COG classes Q (secondary metabolite biogenesis, transport and metabolism) and C (energy 
production and conversion) belonged to the highly expressed genes. In this context, the gene 
encoding the Cyc2-like high molecular mass cytochrome and the gene cluster encoding other 
proposed candidates involved in ferrous iron oxidation (Ullrich et al., 2016) were found to be 
highly expressed. This gene cluster harbors the genes encoding the subunits of the cbb3-type 
cytochrome c oxidase, c-type cytochromes and hypothetical proteins. Intriguingly, the highest 
expressed gene under all conditions was a gene within this gene cluster. It encodes a small 
hypothetical protein which contains the conserved cysteine residues of high potential iron 
sulfur proteins. These proteins are known as soluble mediators involved in various electron 
transfer processes including photosynthesis in Proteobacteria (van Driessche et al., 2003), 
sulfur oxidation in A. ferrooxidans (Hip, Quatrini et al., 2006; Quatrini et al., 2009) and ferrous 
iron oxidation in A. ferrivorans (Iro, Yoshihiro et al., 1988; Amouric et al., 2011). The 
homologous protein identified in the “Ferrovum”-like population FKB7 has been proposed to 
play a similar role to the iron oxidase Iro in A. ferrivorans as iron oxidizing protein (Hua et al., 
2015). Although the previously conducted phylogenetic analysis of the hypothetical protein of 
“Ferrovum” sp. JA12 and the iron oxidase Iro of A. ferrivorans (Ullrich et al., 2016) has not 
provided convincing data for the potential involvement in ferrous iron oxidation, the current 
transcriptome data may suggest otherwise. Other genes within the cluster encoding 
hypothetical proteins were also highly expressed. The best blastp hits of these hypothetical 
proteins are hypothetical proteins belonging to a similar set of neutrophilic (S. lithotrophicus, 
M. ferrooxydans PV-1) and acidophilic iron oxidizing bacteria (“F. myxofaciens” P3G, “F. 
myxofaciens” Z-31, “Ferrovum” sp. PN-J185, Burkholderia bacterium GJ-E10). Though no 
specific function of the hypothetical proteins can be deduced at sequence level, the extremely 
high expression of their encoding genes and the co-localization with genes encoding the cbb3-
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type terminal oxidase and c-type cytochromes suggest that the hypothetical proteins may be 
involved in the ferrous iron oxidation. These findings support the previously proposed model 
of the ferrous iron oxidation in “Ferrovum” sp. JA12, but also emphasize the necessity of further 
experiments in order to extend the model. 
In the thermophilic bioleaching archaeon Sulfolobus metallicus (Bathe and Norris, 2007) 
and in A. ferrooxidans the genes encoding cytochromes and terminal oxidases involved in 
ferrous iron oxidation have also been found to be highly expressed when grown on ferrous iron 
as sole electron donor (Quatrini et al., 2006; Quatrini et al., 2009). In contrast to the differential 
microarray profiling in A. ferrooxidans using either ferrous iron or reduced sulfur compounds 
as electron donor (Quatrini et al., 2009), the experimental set-up for the transcriptome study in 
“Ferrovum” sp. JA12 does not allow the identification of regulatory proteins involved in ferrous 
iron oxidation. 
The also high expression of genes encoding the RuBisCO subunits and carboxysome 
proteins suggest that carbon fixation is a probable sink of electrons originated from ferrous iron 
oxidation. In this context, the expression of genes encoding the enzymes of the TCA cycle was 
intriguing. Since an incomplete TCA cycle has been postulated to be a hallmark of obligate 
autotrophy (Wood et al., 2004; Cárdenas et al., 2010), the complete TCA cycle in “F. 
myxofaciens” P3G has been proposed to allow a mixotrophic lifestyle (Moya-Beltrán et al., 
2014). However, in “Ferrovum” sp. JA12 the genes encoding the complete set of TCA cycle 
enzymes were found to be expressed while the cells are fixing carbon dioxide. Apparently, the 
connection of the TCA cycle to many other central metabolic pathways including the amino 
acid biosynthesis requires the constitutive expression of the genes encoding the TCA cycle 
enzymes in “Ferrovum” sp. JA12 cells. 
The encoding genes of the formate dehydrogenase complex were also found to be 
expressed under all conditions. The metabolic function of this enzyme in “Ferrovum” sp. JA12 
could not be inferred by sequence analysis (Ullrich et al., 2016). It is predicted to belong to the 
subtype of formate dehydrogenases that form the hydrogen-evolving formate-hydrogen lyase 
complex, but the genome of “Ferrovum” sp. JA12 does not harbor any hydrogenase-encoding 
genes. However, the formate dehydrogenase may be involved in the cell’s redox balance either 
oxidizing formate to generate NADH or reducing carbon dioxide using NADH. Formate for this 
reaction may be derived from the decarboxylation of oxalyl-CoA or from the pyruvate 
metabolism.  
Insights from poorly expressed genes 
The genes involved in the assimilation of the alternative nitrogen sources nitrate (nitrate 
and nitrite reductase) and urea (urea ABC transporter, urease subunits, urease accessory 
proteins) were expressed at very low levels. This is in contrast to the reported findings for the 
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“Ferrovum”-like population FKB7 in the AMD of the Fankou mine (China, Hua et al., 2015). 
The assignment of transcripts of urease- and nitrate reductase-encoding genes to the 
composite genome of the “Ferrovum”-like population FKB7 suggest their relevance for the 
utilization of alternative nitrogen sources in the natural habitat. However, the cultivation 
medium of the mixed culture JA12 only contained ammonium as nitrogen source indicating 
that the expression of genes involved in the nitrate assimilation or urea utilization may either 
be regulated by the availability of the alternative nitrogen sources or by nitrogen limitation or, 
a combination of both.  
In this context, the three genes encoding the nitrogen regulator proteins of the P-II family 
were found to be expressed at extremely different levels. P-II proteins are described to regulate 
the nitrogen metabolism at various levels by interaction with other proteins such as enzymes, 
membrane proteins and transcription factors (Huergo et al., 2013). The two low expressed 
copies are located in close proximity to each other (FERRO_05130, FERRO_05150). The 
latter is located directly upstream the gene encoding the ammonium channel AmtB. It was 
shown for other bacteria, that the operon encoding the P-II protein of the GlnK subtype and 
the ammonium channel AmtB are only expressed under nitrogen limiting conditions (Huergo 
et al., 2013). The co-localization of both genes suggests that FERRO_05150 encodes a P-II 
protein of the GlnK subtype which modulates the activity of the AmtB channel (Sant'Anna et 
al., 2009). The expression of both genes may furthermore indicate that no nitrogen limitation 
occurred due to the sufficient availability of ammonium. This may in turn explain the low 
expression of genes involved in the utilization of alternative nitrogen sources.  
However, no direct connection between the low expression of the nitrate assimilation 
and the urea utilization genes on the one side and the two low expressed P-II encoding genes 
on the other side can be drawn based these transcriptome datasets. Furthermore, the 
regulation of the urease encoding genes appears to be divers among urease active bacteria. 
In the pathogen Helicobacter pylori an overlapping regulation by several regulators (ArsR, 
NikR, Fur) was reported (Pflock et al., 2006), while the expression of the urease genes in 
Corynebacterium glutamicum is regulated by the global nitrogen regulator AmtR (Beckers et 
al., 2004) and in Klebsiella pneumoniae by the nitrogen assimilation protein Nac (Liu and 
Bender, 2007).  
The third gene copy encoding a P-II protein (FERRO_13580) is located in a different 
region and was expressed at a much higher level than the other two copies. Thus, the product 
of this gene may interact with other targets, such as NtrB and NtrC, which represent the two-
component histidine kinase system involved in the global regulation of the nitrogen metabolism 
(Huergo et al., 2013). 
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The also extremely low expression of genes encoding the type II secretion system 
indicates, that the secretion of folded proteins might not be required during cultivation in the 
bioreactors. The type II secretion system represents a universal protein secretion system 
widely spread among gram-negative bacteria (Korotkov et al., 2012). In non-pathogenic 
environmental bacteria it has been reported to translocate degradative enzymes, such as 
amylases, lipases, acetyl transferases and phosphatases into the cellular environment and it 
has also been identified in bacteria thriving at deep sea vents and in other extreme habitats 
(Cianciotto, 2005). An example for the latter is Shewanella putrefaciens in which the type II 
secretion system is required for the anaerobic ferric iron and manganese (IV) respiration 
(DiChristina et al., 2002). However, so far it remains unclear, why protein secretion was not 
required under the cultivation conditions since the protein targets of the type II secretion system 
in “Ferrovum” sp. JA12 have not been elucidated yet. 
Apart from these low expressed genes, a set of 71 genes was either found not to be 
expressed, or at levels close to the detection limit. These genes are predicted to encode 
transposases, integrases, phage-associated genes, conjugation-associated genes (type IV 
secretion system) and hypothetical proteins (Ullrich et al., 2016). Furthermore, the vast 
majority of them are predicted alien genes (65) and are located on one of the predicted genome 
islands (52) (Chapter IV). The nearly exclusive representation of horizontal gene transfer-
associated genes among the not expressed genes suggests either that the cultivation 
conditions in the bioreactor did not promote or require the exchange of genes, or that suitable 
partners for gene exchange were absent. The expression of phage genes is often induced by 
severe stress conditions, such as the exposure of Escherichia coli to an antibiotic which not 
only results in the global upregulation of phage genes, but also in the downregulation of primary 
metabolic genes involved in energy production and carbon metabolism (Herold et al., 2005). 
However, in AMD communities the expression of phage genes (Tyson and Banfield, 2008) and 
of transposase-encoding genes (Parro et al., 2007; Chen et al., 2015) has been detected by 
analysis of environmental sequences. Thus, in order to further investigate the mechanisms of 
horizontal gene transfer in “Ferrovum” spp., transcriptome studies of their natural habitats are 
required rather than of laboratory cultures. 
Variation of gene expression patterns under the different conditions 
The global gene expression patterns were similar under all conditions with exception of 
the observed increased expressions levels of genes encoding ribosomal proteins and of genes 
involved in carbon fixation as well as the decreased expression levels of genes not assigned 
to COG classes in the condition 50 mM FeSO4 in comparison to other conditions (5 mM, 
20 mM). These findings suggest that the cells rather responded to the increased availability of 
the electron donor ferrous iron than to a stress condition when exposed to 50 mM of FeSO4.  
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This notion is further supported by the relatively similar expression levels of genes 
predicted to be involved in the management of oxidative stress in “Ferrovum” sp. JA12 (Ullrich 
et al., 2016) under all conditions. In general, genes encoding ROS scavenging enzymes 
appear to be higher expressed than other gene candidates. In this context, the superoxide 
dismutase and peroxiredoxin-encoding genes were found to exhibit the highest expression 
levels. When exposed to 50 mM FeSO4 genes encoding the DNA-binding ferritin, the 
thioredoxin disulfide reductase and genes involved in glutathione biosynthesis were slightly 
higher expressed than in the other conditions. An upregulation of the gene encoding the alkyl 
hydroperoxide reductase as reported for S. metallicus (Jones et al., 2013, Burton et al., 1995) 
was not observed. Genes encoding DNA repair systems were also expressed at similar levels 
under all conditions, which is in contrast to observations reported for L. ferrooxidans (Parro et 
al., 2007). In L. ferrooxidans genes involved in DNA repair have been found to be higher 
expressed at sites in the Rio Tinto with ferrous iron concentrations of 8 to 17 mM in comparison 
to sites with concentrations of 1 to 7 mM.  
Taken together these observations suggest that “Ferrovum” sp. JA12 did not suffer from 
severe oxidative stress under 20 mM or 50 mM ferrous iron although these ferrous iron 
concentrations have been reported to cause oxidative stress in other acidophilic iron oxidizers. 
In the thermophile S. metallicus the generation of ROS, the inhibition of growth and the ferrous 
iron oxidation has been observed at 50 mM ferrous iron when the cells were cultivated at 65 
°C (Jones et al., 2013). Ferrous iron oxidation and growth inhibition of the type strain “F. 
myxofaciens” P3G occurs at ferrous iron concentrations higher than 100 mM when cultivated 
at 30 °C (Johnson et al., 2014). However, it can be anticipated that the formation of ROS is 
accelerated at 65 °C in comparison 25 °C. Thus, the level of oxidative stress and the response 
of the “Ferrovum” sp. JA12 may also be influenced by the cultivation temperature.  
Evaluation of the experimental set-up involving the multiple bioreactor system 
The multiple bioreactor system was chosen in order to minimize some of the cultivation-
associated obstacles of “Ferrovum”-containing mixed cultures and to provide adequate 
amounts of total RNA for RNA-Seq.  
The pre-installed automatisation systems of the bioreactors and the operation of the 
precision pumps allowed the reproducible tempering, aeration and stirring as well as the 
accurate adjustment of the feed inflow. Apparently, monitoring the redox potential represents 
a suitable alternative to the measurement of ferrous iron via a photo spectral assay in order to 
examine activity and viability of the iron oxidizer “Ferrovum” sp. JA12. Though the redox 
potential only indicates the ratio of oxidized and reduced compounds in the culture, changes 
of the redox potential reflected well the measured ferrous iron depletion.  
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Although the automatisation systems allowed the cultivation of the mixed culture JA12 
under reproducible conditions, the ratios of “Ferrovum” sp. JA12 and Acidiphilium sp. JA12-A1 
were found to vary in the harvested cells. The different ratios between the experiments may 
have been caused by the different ratios of both organisms in the inoculates (pre-culture 4). 
The composition of the mixed culture changes rapidly even when grown under similar 
conditions. This notion was also underlined by the different ratios of both organisms in the 
reactors of the same experiments which were inoculated with the same culture. Differences in 
the reactors of the same experiment may have been caused by the different feed inflow rates 
since the feed inflow rates needed to be adjusted to the ferrous iron oxidation rate in order to 
minimize the dilution of the culture. Thus, also the application of the multiple bioreactor system 
cannot ensure a stable and reproducible community composition of “Ferrovum”-containing 
mixed cultures. However, although the TRFLP analysis indicated the abundance of 
Acidiphilium spp. in the harvested cells, the cultivation conditions strongly promoted the 
metabolic activity of the iron oxidizer as suggested by the very high overall alignment rate of 
the sequence reads to the genome of “Ferrovum” sp. JA12 (80 to 92 %). These alignment 
rates indicate that the vast majority of transcripts derived from the mixed culture JA12 belonged 
to the iron oxidizer “Ferrovum” sp. JA12.  
The cell harvest and RNA extraction protocols were also adjusted for the purpose of the 
transcriptome study of “Ferrovum” spp.. Since the amount of biomass was not determined prior 
to RNA extraction, the efficiency of the RNA extraction remains unclear. However, the repeated 
washing steps during the cell harvest may have resulted in the loss of biomass and in lower 
yields of total RNA. Since RNA extraction was extremely ineffective from schwertmannite 
encrusted cells washing remains a necessary step prior to RNA extraction.  
In general the multiple bioreactor system and the experimental set-up proved to be 
suitable to provide biomass for a transcriptome study of “Ferrovum” spp. in mixed culture with 
Acidiphilium spp. though several adjustments are required in order to ensure reproducibility. A 
very complex aspect is to find an optimal balance between the required inflow rate of fresh 
medium to provide ferrous iron and to buffer the pH, and the dilution of the cells within the 
culture.  
Concluding remarks: Significance of the present transcriptome study 
Although the significance of the reported results is incriminated by the lack of data of at 
least a third experiment, the present study reveals insights into the metabolic pathways that 
may be relevant for the biotechnological application of “Ferrovum” sp. JA12 for the remediation 
of AMD waters. The similar expression levels of gene candidates predicted to be involved in 
oxidative stress management suggest that “Ferrovum” sp. JA12 may tolerate higher 
concentrations of ferrous iron than 50 mM. Furthermore, the transcriptomic data underlines the 
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need to clarify the previously proposed ferrous iron oxidation model of “Ferrovum” sp. JA12 
and to further examine the role of a number of hypothetical proteins that were also identified 
in other iron oxidizing bacteria including a novel unclassified acidophilic Burkholderiales 
bacterium. In this context, the transcriptome study sheds new light on one of these proteins, 
which contained the conserved cysteine residues of high potential iron sulfur proteins. 
Although no function can be assigned at genome level, its encoding gene was found to be the 
highest expressed gene in all datasets strongly indicating a physiological relevance. 
Furthermore, the differential expression of copies of genes encoding nitrogen regulation 
proteins of the P-II family indicate their different roles in the nitrogen metabolism of “Ferrovum” 
sp. JA12 which could not have been assigned by genome analysis. 
Acknowledgments 
This work was funded by the European Social Fund (ESF) through the project 
GETGEOWEB. During analysis of the transcriptome data Sophie Ullrich was financially 
supported by a co-financed action of the Referat für Gleichstellung and the Institute of 
Biological Sciences of the TU Bergakademie Freiberg to support female PhD students. Sarah 
Hofmann is thanked for conducting the TRFLP experiments.  
Author contributions 
The study was conceived by SRU and MM. Cultivation in the bioreactors, cell harvest 
and total RNA extraction were conducted by SRU. AP planned the library construction and the 
sequencing, and processed the raw data. SRU analyzed the transcriptome datasets and wrote 
the manuscript. The manuscript was critically revised by MS. 
 
  
- 132 - 
 
Chapter VI: Integration and further persepectives 
 




Integration of the novel insights and further perspectives 
Abstract 
The use of (comparative) genomics approaches has substantially extended the previous 
knowledge of acidophilic iron oxidizers of the genus “Ferrovum”. Ferrous iron oxidation in 
“Ferrovum” spp. is predicted to involve redox proteins homologous to those found in both 
acidophilic iron oxidizers like Acidithiobacillus ferrooxidans and neutrophilic iron oxidizers like 
Sideroxydans lithotrophicus and Mariprofundus ferrooxydans. The presence of homologous 
candidate redox proteins within iron oxidizing Betaproteobacteria and “Zetaproteobacteria” 
supports and extends a previously proposed model for the evolution of ferrous iron oxidation. 
The integration of the phylogenic and the metabolic diversity of the analyzed “Ferrovum” strains 
suggests that genome reduction contributed to the speciation within the genus “Ferrovum” and 
that horizontal gene transfer promotes the development of a microdiversity between closely 
related strains at shorter time scales. Based on their metabolic profiles the ecological roles of 
the different “Ferrovum” strains within the element conversions of the habitat, the mine water 
treatment plant Tzschelln, have been deduced. Apparently, “Ferrovum” sp. JA12 also 
exchanged genes with many members of this habitat. Further research projects may focus on 
the consolidation of the inferred metabolic models based on the characterization of specific 
protein candidates. The proposed evolutionary models may be addressed by “meta-omics” 
approaches which also take the history and geochemical properties of the habitats into 
account. 
Extended insights into the ferrous iron oxidation in Betaproteobacteria 
Bioenergetic aspects and models of the microbial ferrous iron oxidation in acidophiles 
and neutrophiles have been reviewed previously (Ferguson and Ingledew, 2008; Bird et al., 
2011; Bonnefoy and Holmes, 2011; (Ilbert and Bonnefoy, 2013). All models of ferrous iron 
oxidation coupled to oxygen reduction appear to be based on the general concept of 
compartmentalization (Ilbert and Bonnefoy, 2013): While ferrous iron oxidation takes place 
outside the cell, oxygen is reduced by terminal oxidases at the cytoplasmic side of the (inner) 
membrane in order to avoid the precipitation of ferric iron hydroxides in the cytoplasm and to 
prevent intense oxidative stress. The electron transfer chain from the outer membrane to the 
inner membrane also involves soluble redox proteins, which transfer the electrons through the 
periplasm.  
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The ferrous iron oxidation of the acidophile A. ferrooxidans represents the best studied 
example so far. It involves the high molecular mass cytochrome Cyc2 (outer membrane) 
(Appia-Ayme et al., 1999; Valdés et al., 2008), the periplasmic electron shuttles rusticyanin 
(Giudici-Orticoni et al., 1999), cytochrome Cyc1 (downhill) and CycA-1 (uphill), and in the inner 
membrane the aa3-type terminal oxidase (downhill) and the bc1 complex (uphill) (Appia-Ayme 
et al., 1999; Quatrini et al., 2006; Bruscella et al., 2007). The uphill electron transfer to NAD(P)+ 
and the generation of ATP are achieved by use of the proton motive force generated by the 
natural proton gradient across the membranes of acidophiles (Ingledew, 1982; Ferguson and 
Ingledew, 2008; Quatrini et al., 2006; Bonnefoy and Holmes, 2011).  
Recently, the previously proposed ferrous iron oxidation model of the neutrophilic 
“zetaproteobacterium” M. ferrooxydans (Singer et al., 2011) has been extended based on 
proteome data (Barco et al., 2015). A Cyc2-like outer membrane cytochrome has been 
predicted to oxidize ferrous iron and a soluble Cyc1-like cytochrome has been proposed to 
transfer the electrons either downhill to the cbb3-type terminal oxidase or uphill to the bc1 
complex. A similar model has been described for the neutrophilic betaproteobacterium S. 
lithotrophicus (Ilbert and Bonnefoy, 2013; Emerson et al., 2013). 
Members of the genus “Ferrovum” represent the first described acidophiles among the 
iron oxidizing Betaproteobacteria (Hedrich et al., 2011b). The ferrous iron oxidation models 
predicted for “Ferrovum” spp. (Ullrich et al., 2016; Chapter IV) shares components with both, 
the acidophile A. ferrooxidans (Quatrini et al., 2006) and the neutrophiles M. ferrooxydans 
(Barco et al., 2015) and S. lithotrophicus (Ilbert and Bonnefoy, 2013; Emerson et al., 2013). 
The neutrophiles and “Ferrovum” spp. appear to oxidize ferrous iron at the outer membrane 
using a Cyc2-like high molecular mass cytochrome, and to transfer electrons through the 
periplasm via soluble c-type cytochromes homologous to CycA-1 and Cyc1 in A. ferrooxidans. 
Like other acidophiles, “Ferrovum” spp. may benefit from the use of the natural proton motive 
force to push electrons uphill and to generate ATP (Ullrich et al., 2016). However, the 
periplasmic electron shuttle rusticyanin appears to be restricted to the Acidithiobacillia and the 
gammaproteobacterium Acidihalobacter prosperus (Nicolle et al., 2009; Cárdenas et al., 
2015), formerly “Thiobacillus prosperus”. Further variations between the neutrophiles and 
“Ferrovum” spp. on the one side and the acidophile A. ferrooxidans on the other side were 
observed with respect to the terminal oxidases. In contrast to A. ferrooxidans, the neutrophiles 
and “Ferrovum” spp. use a cbb3-type terminal oxidase instead of the aa3-type oxidase. 
“Ferrovum” sp. JA12 and PN-J185 were also found to harbor a bd-type quinol oxidase which 
may act as alternative terminal oxidase. Cbb3-type and bd-type terminal oxidases are 
characterized by their high affinity to oxygen and they have been identified in microorganisms 
in microaerobic environments (Preisig et al., 1996; Xie et al., 2014; Borisov et al., 2011) 
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including the neutrophilic iron oxidizers M. ferrooxydans (Barco et al., 2015), S. lithotrophicus 
and Gallionella capsiferriformans (Emerson et al., 2013).  
The proposed ferrous iron oxidation model in “Ferrovum” spp. was supported by the very 
high expression of the encoding genes in iron grown cells of “Ferrovum” sp. JA12 (Chapter V). 
Co-localized genes encoding hypothetical proteins and a predicted high potential iron sulfur 
protein were also found to belong to the highest expressed genes in “Ferrovum” sp. JA12 
(Chapter V). High potential iron sulfur proteins have been reported to serve as electron carriers 
in the ferrous iron oxidation in A. ferrivorans (Iro; Amouric et al., 2011) and in R. palustris (PioC; 
Jiao and Newman, 2007). In the “Ferrovum”-like population FKB7 an Iro-like protein has also 
been proposed to be involved in ferrous iron oxidation (Hua et al., 2015). The electron carrier 
capacity of other high potential iron sulfur proteins and the high expression of its encoding 
gene in “Ferrovum” sp. JA12 (Chapter V) and in the “Ferrovum”-like population FKB7 (Hua et 
al., 2015) suggest that it may be involved in the electron transfer through the periplasm 
together with the soluble cytochromes, and that it potentially replaces rusticyanin as 
periplasmic electron carrier in “Ferrovum” spp. Proteins homologous to the high potential iron 
sulfur protein and the other hypothetical proteins were only identified in other iron oxidizing 
Beta- and “Zetaproteobacteria” either acidophilic, such as “Ferrovum” spp. and the 
Burkholderiales bacterium GJ-E10 (Fukushima et al., 2015), or neutrophilic , such as S. 
lithotrophicus and M. ferrooxydans (Chapter V).  
Taken together the ferrous iron oxidation in Beta- and “Zetaproteobacteria” appears be 
very similar involving homologous redox proteins. A previous hypothesis has stated that the 
ferrous iron oxidation in these taxa may have the same origin, since these taxonomic groups 
comprise the only neutrophilic iron oxidizers (Emerson et al., 2010), whereas acidophilic iron 
oxidizers belong to various taxonomic groups (Ilbert and Bonnefoy, 2013). The data of the 
“Ferrovum” studies support and extend this hypothesized evolutionary model. The presence 
of the terminal oxidases with very high oxygen affinity suggest that the common ancestor of 
“Ferrovum” spp. may have been a neutrophilic iron oxidizer. Since neutrophilic iron oxidizers 
compete with oxygen for ferrous iron, they colonize microaerobic niches in marine and fresh 
waters (Emerson et al., 2010; Ilbert and Bonnefoy, 2013). The “Ferrovum” ancestor may have 
acquired the acidophilic lifestyle later than the ability to oxidize ferrous iron. The acidophilic 
lifestyle then enabled “Ferrovum” spp. to thrive in habitats with higher oxygen concentrations. 
Similar scenarios may be true for other acidophiles within the Betaproteobacteria with only 
neutrophilic relatives, such as the Burkholderiales bacterium GJ-E10 (Fukushima et al., 2015), 
Thiomonas spp. (Arsène-Ploetze et al., 2010; Farasin et al., 2015) and Gallionellaceae-like 
iron oxidizers (Bruneel et al., 2006; Heinzel et al., 2009a; Fabisch et al., 2013; Liljeqvist et al., 
2015).  
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Mechanisms of phylogenetic and metabolic diversification within the 
genus “Ferrovum” 
Members of the genus “Ferrovum” have been detected in AMD habitats with varying 
geochemical properties in particular with respect to pH, oxygen availability, ferrous iron 
concentration and the content of other metals (e.g. Heinzel et al., 2009a; Kimura et al., 2011; 
Gonzalez-Toril et al., 2011; Brown et al., 2011; Santofimia et al., 2013; Fabisch et al., 2013; 
Jones et al., 2015; Kay et al., 2014; Hua et al., 2015). They have been identified as main 
producers of gelatinous filaments, such as streamers (Hallberg et al., 2006; Johnson et al., 
2014; Kimura et al., 2011; Kay et al., 2013) and “snottites” (Brockmann et al., 2010), but also 
in the planktonic phases of mine waters (Heinzel et al., 2009a; Santofimia et al., 2013; Kay et 
al., 2014). Phylogenetic analyses using the 16S rRNA gene as a marker have revealed the 
existence of several subgroups within the genus “Ferrovum” (Heinzel et al., 2009a; Tischler et 
al., 2013; Johnson et al., 2014). However, neither the phylogeny of these subgroups nor a 
possible connection between the geochemical properties of the habitat and the occurrence of 
these subgroups have been addressed in previous studies due to the difficulties in obtaining 
pure cultures.  
The phylogenetic analysis based on 31 markers as part of a comparative genome study 
of four “Ferrovum” strains revealed the clustering of the four strains in two operational 
taxonomic units (OTUs) (Chapter IV). The average nucleotide identity and the nucleotide 
composition of their genomes suggest that OTU-1 represents the type species “F. 
myxofaciens” with the strains P3G and Z-31, while OTU-2 comprises two further species 
represented by “Ferrovum” sp. JA12 and “Ferrovum” sp. PN-J185. All proposed “Ferrovum” 
species share the potential of a chemolithoautotrophic and acidophilic lifestyle, while their 
genome properties (size, G+C content) were found to be distinguishing. The genomes of the 
“F. myxofaciens” strains have sizes of approx. 2.5 Mbp with G+C contents of 54 %, while the 
genome of OTU-2 strain JA12 is 2.0 Mbp in size with a G+C content of 44 %, and the genome 
of the OTU-2 strain PN-J185 is even smaller with 1.9 Mbp and a G+C content of 39 %. 
Furthermore, the OTUs were found to be characterized by specific metabolic profiles. In 
contrast to the OTU-2 strains, the “F. myxofaciens” strains (OTU-1) appear to be diazotrophic, 
mobile and responsive to environmental stimuli (chemotaxis), they may tolerate even lower pH 
values by employing Na+/H+-antiporters, and they harbor a PEP-CTERM protein export system 
(Haft et al., 2006; Craig et al., 2011), which was proposed to be involved in the formation of 
streamers and “snottites” (biofilms) (Chapter IV). The OTU-2 strains harbor the unique 
repertoire to utilize urea and nitrate (only “Ferrovum” sp. JA12), and they may thrive at even 
lower oxygen concentrations using the alternative bd-type terminal oxidase. These 
characteristic metabolic potentials may result in a preferred occurrence of “Ferrovum” strains 
belonging to one of the OTUs in dependence of the habitat’s geochemical parameters. This 
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hypothesis is supported by observations of previous studies. For example, “Ferrovum” strains 
have been detected in streamers and “snottites” in habitats with pH values of 2.5 and below, 
such as Mynydd Parys (pH 2.4; Hallberg et al., 2006; Johnson et al., 2014), Cae Coch (pH 2.1; 
Kimura et al., 2011) and the Königstein Mine (pH 2.5; Brockmann et al., 2010). These strains 
may be closer related to “F. myxofaciens” strains (OTU-1). Another example is the occurrence 
of “Ferrovum” strains in the microaerobic bottom layer of a pit lake (0.1 mg/l dissolved oxygen, 
pH 3.0) in the Iberian Pyrite Belt (Santofimia et al., 2013). These strains may be closer related 
to OTU-2. However, a more detailed phylogenetic assignment of the “Ferrovum” 
representatives in these and other habitats to the OTUs is required to test this hypothesis.  
The analysis of genome architectures and genome synteny of four “Ferrovum” strains 
suggests that genome evolution, driven by the loss of metabolic gene clusters and by 
horizontal gene transfer, has contributed to the metabolic diversification and divergence of the 
genome properties within the genus “Ferrovum” (Chapter IV). Genome reduction has been 
reported to present an important evolutionary mechanism in free-living bacteria in oligotrophic 
environments (Giovannoni et al., 2014) in the context of a more efficient nutrient use due to 
lower nutrient requirements (Boon et al., 2014), and with respect to reduced energy 
requirements to produce the protein machinery and to employ the metabolic function (D'Souza 
et al., 2014). In case of the OTU-2 strains, loss of the flagella and chemotaxis gene cluster, 
the nitrogen fixation gene cluster and the PEP-CTERM gene cluster in their common ancestor 
may have resulted in their reduced genome size. The loss of the carboxysome gene cluster in 
OTU-2 strain PN-J185 has furthermore reduced its genome size in comparison to the OTU-2 
strain JA12 (Chapter IV). Apparently, the genome reduction has not only resulted in the 
metabolic diversification, but also in speciation within the genus “Ferrovum”. This hypothesis 
is supported by the identification of strains with similar OTU-specific metabolic profiles in 
different habitats. For example, the genomes of both “F. myxofaciens” strains (P3G, Z-31) were 
found to be highly similar although the strains were derived from different habitats (Mynydd 
Parys, mine water treatment plant Tzschelln). Furthermore, the “Ferrovum”-like population 
FKB7 detected in the Fankou Mine (China) harbors the potential to utilize urea (Hua et al., 
2015) similar to the OTU-2 strains, and to reduce nitrate similar to the OTU-2 strain JA12 (Hua 
et al., 2015; Chapter IV). However, the time scale at which speciation has occurred remains 
unclear at the moment, but it seems likely that it is an on-going process, which is also driven 
by other mechanisms including horizontal gene transfer. 
Horizontal gene transfer events are known to contribute to the genome plasticity and 
genome evolution at a shorter time scale (Gogarten et al., 2002; Allen et al., 2007). In a natural 
population of F. acidarmanus from the Iron Mountain transposase-encoding genes and phage-
associated genes have contributed to genomic rearrangements within only four years (Allen et 
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al., 2007). Similarly, the bacterial adaptive immune system (CRISPR/Cas system; Makarova 
et al., 2011; Rath et al., 2015) has been reported to evolve rapidly in two Leptospirillum group 
II population genomes from the Iron Mountain (Tyson and Banfield, 2008). Signatures of 
horizontal gene transfer were identified in each of the “Ferrovum” genomes, including genes 
encoding transposases, integrases, the type IV secretion system (conjugation) and genes 
associated with phages (Chapter IV). Moreover, the signatures of horizontal gene transfer 
were found to be habitat specific and thus they appear to contribute to the adaptation of the 
“Ferrovum” strains to their habitats. For example, despite the otherwise very high homology 
between the genomes of the “F. myxofaciens” strains P3G and Z-31 they harbor transposases 
assigned to different classes suggesting the presence of habitat-specific transposases. 
Furthermore, CRISPR/Cas systems were only identified in the genome of “F. myxofaciens” Z-
31 indicating, that phage infections and bacterial resistance may play an important role in the 
habitat of the mine water treatment plant.  
Further examples are the predicted alien genes within the genome islands of the OTU-2 
strain JA12, which were predicted to be derived from community members of the original 
habitat, the mine water treatment plant Tzschelln (see also next chapter). Since some of these 
alien genes were predicted to be involved in the formation of alternative cell envelope 
polysaccharides, they provide accessory functions which may alter the ability of the OTU-2 
strain JA12 to attach to surfaces (Chapter IV). Similar observations have been described for 
the Acidithiobacillus caldus strains ATCC 51756 (Marsh and Norris, 1983) and SM-1 (China; 
You et al., 2011), which have been isolated from different habitats, a coil spoil in the UK (ATCC 
51756) and a Chinese bioleaching reactor (SM-1), respectively. The genomes of both strains 
harbor genomic islands containing accessory genes, which are involved in phosphate and 
nitrogen assimilation, ion detoxification and energy metabolism, and which have been 
proposed to represent an adaptation to the geochemistry of their habitats (Acuña et al., 2013). 
Genome islands of A. ferrivorans SS3 (Russia, Kupka et al., 2007) have been reported to 
contain accessory genes involved in metal efflux, pH homeostasis, and carbon and energy 
metabolism, which have not been identified in the genome of an A. ferrivorans-like population 
derived from the Kristineberg mine in Sweden (González et al., 2014). These examples 
underline the necessity to investigate microbial networks in the context of the geochemistry of 
habitats in order to elucidate potential evolutionary mechanisms associated with a certain 
habitat (Bond et al., 2000). 
Inferred roles of “Ferrovum” spp. in the microbial network of the mine 
water treatment plant 
Microbial networks can be investigated on the level of element cycles with respect to the 
contributions of the community members and the involved metabolic functions (Méndez-García 
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et al., 2015), and also on the level of microbial interactions with respect to the exchange of 
genetic material (Dagan, 2011). In case of AMD habitats (meta)genomics, 
(meta)transcriptomics and (meta)proteomics approaches have provided valuable insights into 
the element conversions and nutrient cycles in pit lakes in the Iberian Pyrite Belt (Spain; 
Santofimia et al., 2013), in biofilms in the Iron Mountain mine water (California, US; Tyson et 
al., 2004; Denef et al., 2010) and in many other mining-associated habitats (Méndez-García 
et al., 2015). 
The community of the mine water treatment plant Tzschelln has been reported to be 
dominated by representatives of the Betaproteobacteria related to “F. myxofaciens” and 
Gallionella ferruginea (Heinzel et al., 2009a). Furthermore, members of the 
alphaproteobacterial genera Acidiphilium and Acidocella, the Acidithiobacillia, the 
Deltaproteobacteria, the Actinobacteria (mainly related to Ferrimicrobium acidophilum), the 
Firmicutes, the Nitrospira (Leptospirillum ferrooxidans), the Acidobacteria and the Chloroflexi 
have been detected. However, due to the use of the universal bacterial 16S rRNA gene primers 
27f and 1387r it is possible that some bacterial taxa have been missed, since the 1387r has 
recently been shown to have minor mismatches to the 16S rRNA gene sequence of members 
of the Bacteroidetes (Voitel, 2015). The inferred metabolic traits of three “Ferrovum” strains 
derived from mine water treatment plant (Chapter IV) can now be integrated with the previous 
description of the bacterial diversity (Heinzel et al., 2009a) in order to propose ecological roles 
of “Ferrovum” spp. in the microbial network of the mine water treatment plant (Figure 1A).  
Microbial ferrous iron oxidation appears to be the main energy conversion pathway in 
the mine water treatment plant providing energy for the fixation of carbon dioxide and nitrogen 
(Figure 1A). “Ferrovum” spp. and Gallionella-like strains have been found to substantially 
contribute to the reduction of the iron load in mine water treatment due to their ability to gain 
energy from the oxidation of ferrous iron (Heinzel et al., 2009b). However, there are a number 
of iron oxidizers which may also oxidize ferrous iron in the mine water treatment plant based 
on their ecological roles in other habitats, including the Acidithiobacillus spp. (Appia-Ayme et 
al., 1999; Valdés et al., 2008), Leptospirillum spp. (Tyson et al., 2005; Goltsman et al., 2013) 
and the heterotrophs Ferrimicrobium spp. (Actinobacteria; Bond et al., 2000; Johnson et al., 
2009; Clark and Norris, 1996) and strains of the Acidobacteria (Ward et al., 2009). The 
heterotrophic alphaproteobacterial genera Acidiphilum and Acidocella may contribute to the 
iron cycle by reduction of ferric iron as has been reported in previous studies (Küsel et al., 
1999; Johnson and Bridge, 2002; Coupland and Johnson, 2008), though the major fraction of 
ferric iron precipitates as schwertmannite and jarosite (Hedrich et al., 2011a).  
Based on their metabolic potential and previous characterizations the 
chemolithoautotrophs “Ferrovum” spp. (Johnson et al., 2014; Moya-Beltrán et al., 2014; Ullrich 
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et al., 2016; Chapter IV), Acidithiobacillus spp. (Esparza et al., 2010; Valdés et al., 2008) and 
Leptospirillum spp. (Tyson et al., 2004; Goltsman et al., 2013) fix carbon dioxide via the Calvin-
Benson-Bassham cycle and convert the fixation products to bacterial biomass in the pathways 
of the central metabolism (carbon, lipid, amino acid, nucleotide and cofactor metabolism) 
(Figure 1A). A recent metagenome study has revealed that Acidobacteria-like strains may also 
fix carbon dioxide via the Calvin-Benson-Bassham cycle (Liljeqvist et al., 2015) suggesting a 
similar role in the mine water treatment plant. Heterotrophic bacteria may thrive on the organic 
compounds excreted by the chemolithoautotrophs, thereby producing carbon dioxide. This 
conversions may be conducted by the alphaproteobacteria Acidiphilium spp. and Acidocella 
spp. (Johnson et al., 2001; Baker and Banfield, 2003; Ullrich et al., 2015), members of the 
Acidobacteria (Liljeqvist et al., 2015), Ferrimicrobium of the Actinobacteria (Johnson et al., 
2009) and Alicyclobacillus of the Firmicutes (Baker and Banfield, 2003).  
Similar to other habitats only a small number of bacteria appears to be capable of 
nitrogen fixation within the mine water treatment plant including “F. myxofaciens” (Johnson et 
al., 2014; Chapter IV), Acidithiobacillus spp. (Valdés et al., 2008) and Leptospirillum spp. 
(Tyson et al., 2004; Tyson et al., 2005). These diazotrophic bacteria have been described as 
key players in AMD communities since they provide fixed nitrogen compounds for other 
community members (Méndez-García et al., 2015; Tyson et al., 2004). The “Ferrovum” strains 
of OTU-2 assimilate various fixed nitrogen compounds. So far they are the only community 
members that may utilize urea as nitrogen source (Ullrich et al., 2016; Chapter IV). JA12-like 
OTU-2 strains may further assimilate nitrite and nitrate as nitrogen sources (Ullrich et al., 2016; 
Chapter IV) as has recently also been suggested for Gallionella-like and Acidobacteria-like 
strains (Liljeqvist et al., 2015).  
Based on the genome analysis of Acidiphilium sp. JA12-A1, some Acidiphilium strains 
may be able to utilize organic phosphate sources like phosphonates (Ullrich et al., 2015). A. 
ferrooxidans encodes a number of genes involved in phosphonate uptake and utilization 
(Valdés et al., 2008). Since the amount of soluble inorganic phosphate appears to be extremely 
scarce in the pilot plant (Tischler et al., 2014), the liberation of inorganic phosphate from 
phosphonates may also be beneficial for other community members. 
The ecological roles of Chloroflexi and the Bacillus- and Clostridia-related strains in the 
community of the mine water treatment plant remain unclear. However, members of the 
Chloroflexi have recently been reported to also occur in the acid mine drainage of the Iron 
Mountain in very low numbers (Goltsman et al., 2015).  
Apart from the interactions between “Ferrovum” spp. and other community members at 
the level of element conversions, the presence of alien genes, derived from various donors in 
the genome “Ferrovum” sp. JA12 (Chapter IV), suggests the exchange of genes with other 
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community members (Figure 1B). Most of the predicted alien genes encode transposases, 
integrases, phage-associated genes and hypothetical proteins. However, “Ferrovum” sp. JA12 
apparently also gained genes involved in the formation of cell envelope polysaccharides 
(nucleotide & amino sugar metabolism, glycosyltransferases) from community members 
belonging to the Beta- and Gammaproteobacteria, and to the Acidithiobacillia. These genes 
may alter the attachment behavior of the “Ferrovum” cells to surfaces in the habitat. The 
genome of “Ferrovum” sp. JA12 also contains signatures of the gene exchange with the 
members of the Bacteroides and Sphingobacteria, which have not been detected in the mine 
water treatment (Heinzel et al., 2009a). However, none of the alien genes was predicted to be 
derived from the Alphaproteobacteria, although “Ferrovum” and Acidiphilium are tenaciously 
associated in the mixed cultures derived from the plant (Ullrich et al., 2015).  
The ability to exchange genetic material even with very distantly related organisms 
allows the access to a wide repertoire of metabolic functions which may result in the adaptation 
to the chemical properties of the habitat. The presence of numerous alien genes in “Ferrovum” 
sp. JA12 underlines how horizontal gene transfer contributes to shaping of genomes. Thus, 
the elucidation of similar mechanism in other “Ferrovum” members presents an open task for 
future studies. 
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Figure 1: Inferred interactions of “Ferrovum” spp. with members of community of the mine water 
treatment plant Tzschelln. (A) The contributions of “Ferrovum” spp. and other community members to 
the element conversions within the mine water of the treatment plant are indicated by specific symbols. 
For detailed description see text. The scheme was adapted from Méndez-García et al., 2015 for the 
community of the mine water treatment plant Tzschelln based on the previously reported bacterial 
diversity (Heinzel et al., 2009a). (CH2O)n, organic carbon compounds; R-COOH, fatty acids; R-PO(OH)2, 
phosphonates; Me2+, metal ions other than ferrous and ferric iron; dashed gray line, reducing power 
originated from ferrous iron oxidation. (B) The predicted functions of alien genes in the genome of 
“Ferrovum” sp. JA12 (Chapter IV) are grouped by donors detected in the mine water treatment plant. 
Bacteroides and Sphingobacteria were not detected in the mine water treatment plant, but they are 
predicted donors of 24 alien genes in “Ferrovum” sp. JA12.  
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Perspectives 
The genomics and comparative genomics approaches revealed insights into the 
metabolic potential, diversity and potential evolutionary mechanisms within the genus 
“Ferrovum”. However, genomics approaches are restricted to the prediction of models and the 
quality of the models strongly relies on the comparison to reference genomes and the integrity 
of the genome databases (Cárdenas et al., 2010; Baker, 2012; Sentausa and Fournier, 2013).  
In case of “Ferrovum” spp. reference genomes and experimental data to consolidate the 
predicted models are scarce. The closest cultivated relatives of “Ferrovum” spp. belong to the 
order Nitrosomonadales, while the closest related iron oxidizing relatives belong to the order 
Gallionellales (Johnson et al., 2014; Ullrich et al., 2016; Chapter IV). Hence, further research 
may focus on two major aspects: 
First, in order to shed more light onto the phylogeny, diversity and evolution of “Ferrovum” 
spp. with respect to the history and geochemistry of the habitat, “meta-omics” approaches may 
present valuable techniques. These approaches allow to elucidate the connection between the 
properties of the habitat and the metabolic potential (metagenomics; e.g. Liljeqvist et al., 2015; 
Wu et al., 2015), the active metabolic functions (metatranscriptomics; e.g. Goltsman et al., 
2015; Parro et al., 2007) and the relevant gene products of the community (metaproteomics; 
e.g. Jiao et al., 2011; Lo et al., 2007). However, genomes from pure cultures and genomes 
assembled from mixed and enrichment cultures represent extremely valuable references to 
integrate the data of “meta-omics” approaches. Thus, the isolation or enrichment of 
“Ferrovum”-related bacteria from environmental samples remains a necessary task to 
supplement omics-based approaches. 
Second, the predicted models need to be consolidated by experimental data. While 
regulatory mechanisms may be investigated at the transcriptome and proteome level, the 
elucidation of the physiological relevance of protein candidates requires their biochemical 
characterization. The low cell density of “Ferrovum” spp. in laboratory cultures and the 
contaminations with Acidiphilium may be circumvented by the heterologous expression of 
genes in other hosts. The applicability of heterologous expression of genes of “Ferrovum” spp. 
was demonstrated only recently in our laboratory (Scholtissek, Ullrich et al., in prep.) in case 
of a predicted Old Yellow Enzyme (Akesson et al., 1963) of “Ferrovum” sp. JA12. The encoding 
gene FOYE (Ferrovum Old Yellow Enzyme) was cloned and expressed in Escherichia coli, 
and the purified enzyme is currently being biochemically characterized. Preliminary data 
suggest a wide substrate spectrum and thermostability of FOYE which may help to elucidate 
its physiological relevance. Other potential target proteins may be the redox proteins and 
hypothetical proteins predicted to be involved in the ferrous iron oxidation in “Ferrovum” spp. 
Therefore the mid-point potentials of the redox proteins may be determined using similar 
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approaches as have been described for Cyc2 (Malarte et al., 2005; Castelle et al., 2008), 
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Supplementary material for Chapter III 
Nucleotide accession numbers 
Supplementary Table 1: List of nucleotide accession numbers of genomes mentioned in 
the study. 
Name of the microorganism Nucleotide Accession Number 
Acidithiobacillus caldus SM-1  NC_015850 
Acidithiobacillus caldus SM-1 NC_015850 
Acidithiobacillus ferrivorans SS3  NC_015942 
Acidithiobacillus ferrooxidans ATCC 23270  NC_011761 
Alcanivorax borkumensis SK2  NC_008260 
Cupriavidus basilensis OR16  NZ_AHJE01000000 
“Ferrovum myxofaciens” P3G NZ_JPOQ00000000 
“Ferrovum”-like population FKB7 4565632.3 (MG-RAST) 
Gallionella capsiferriformans ES-2 NC_014394 
Mariprofundus ferrooxydans PV-1 NZ_AATS00000000 
Nitrosospira multiformis ATCC 25196 NC_007614 
Prochlorococcus marinus AS9601  NC_008816 
Pseudogulbenkiania ferrooxidans 2002 NZ_ACIS00000000 
Rhodomicrobium vannielii ATCC 17100  NC_014664 
Rhodopseudomonas palustris TIE-1  NC_011004 
Rhodopseudomonas palustris TIE-1  NC_011004 
Sideroxydans lithotrophicus ES-1 NC_013959 
Thiobacillus denitrificans ATCC 25259 NC_007404 
Thiobacillus prosperus V6  EU653292 
 
Phylogenetic analysis 
16S rRNA gene sequences were imported into the ARB software program and aligned 
to other proteobacterial 16S rRNA gene sequences using the automated alignment tool within 
ARB (Ludwig et al., 2004). Calculation of phylogenetic trees based on these sequence 
alignments was conducted within MEGA6 (Tamura et al., 2013) using the neighbor-joining 
method with Jukes-Cantor corrections (Jukes and Cantor, 1969), as well as the maximum 
likelihood and parsimony algorithms. For each of the phylogenetic analyses in this study, the 
grouping of strains and environmental clones within the different clusters of the tree was 
identical for all three phylogenetic methods for calculating trees. However, those branching 
points within a tree that were not supported by each of the three algorithms were collapsed 
within the neighbor-joining tree using a strict consensus rule until the branching was supported 
in all three analyses. The neighbor-joining tree was chosen for depicting the phylogenetic 
relationship of the 16S rRNA gene clones and strains. Numbers next to branches indicate the 
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percentage of replicates (out of 1,000 bootstrap trees) in which the associated taxa clustered 
together (Felsenstein, 1985). The dendrogram underlines the closer relationship of the 
“Ferrovum” strains P3G and JA12 to the neutrophilic iron oxidizing Betaproteobacteria 
including G. capsiferriformans, S. lithotrophicus and T. denitrificans while other acidophilic iron 
oxidizers belong to the Acidithiobacillia and Gammaproteobacteria (i.e. T. prosperus) as 
described previously (Hedrich et al., 2011b; Johnson et al., 2014). 
 
Supplementary Figure 1: 16S rRNA gene-based dendrogram. The dendrogram includes iron 
oxidizing and non-iron oxidizing members of the phylum Proteobacteria and uses the non-iron oxidizing 
deltaproteobacterium Geobacter metallireducens as outgroup.  
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Genome properties 
Supplementary Table 2: Protein-coding genes of “Ferrovum” strain JA12 assigned to the COG 
classification. The protein-coding genes were assigned to the COG classes via the IMG/ER 
(Markowitz et al., 2014) prediction pipeline (17 February 2014). The percentage is based on the total 
number of protein-coding genes assigned to the COG categories (1,462). 
Code Value Percentage [%] Description 
J 171 10.59 Translation, ribosomal structure and biogenesis 
A 1 0.06 RNA processing and modification 
K 71 4.4 Transcription 
L 77 4.77 Replication, recombination and repair 
B 2 0.12 Chromatin structure and dynamics 
D 31 1.92 Cell cycle control, cell division, chromosome partitioning 
V 45 2.79 Defense mechanisms 
T 62 3.84 Signal transduction mechanisms 
M 147 9.1 Cell wall/membrane biogenesis 
N 11 0.68 Cell motility 
U 56 3.47 Intracellular trafficking and secretion 
O 87 5.39 Posttranslational modification, protein turnover, chaperones 
C 135 8.36 Energy production and conversion 
G 66 4.09 Carbohydrate transport and metabolism 
E 147 9.1 Amino acid transport and metabolism 
F 49 3.03 Nucleotide transport and metabolism 
H 107 6.63 Coenzyme transport and metabolism 
I 73 4.52 Lipid transport and metabolism 
P 69 4.27 Inorganic ion transport and metabolism 
Q 26 1.61 Secondary metabolites biosynthesis, transport and 
catabolism 
R 86 5.33 General function prediction only 
S 71 4.4 Function unknown 
- 547 27.23 Not in COGs 
 
The genome properties of selected iron oxidizing prokaryotes in comparison to the genome of 
“Ferrovum” strain JA12 are given in Supplementary Table 3 provided on the data dvd 
("DVD:\Supplementary_Materials\Chapter_III\Chapter-III_Suppl_Tab_3.xlsx"). 
Supplementary Table 3: General genome features of selected iron oxidizing prokaryotes. 
Information on the genome features selected iron oxidizing prokaryotes representing various taxa 
according to Integrated Microbial Genomes (IMG) database from January, 22, 2015. 
 
Supplementary material for Chapter III 
 
- 174 - 
 
Nutrient assimilation  
The locus tags of genes predicted to be involved in nutrient assimilation, central 
metabolism, energy conversion and stress management in “Ferrovum” strain JA12 are given 
in Supplementary Table 4 provided on the data dvd 
("DVD:\Supplementary_Materials\Chapter_III\Chapter-III_Suppl_Tab_4.xlsx"). 
Supplementary Table 4. Gene lists by predicted metabolic role in “Ferrovum” strain JA12. (A) 
Carbon metabolism: carbon fixation, central carbon metabolism, uptake systems for organic carbon 
compounds, synthesis of cell envelope polysaccharides, storage of organic carbon compounds, 
synthesis of fatty acids, synthesis of amino acids, purine and pyrimidine metabolism. (B) Nitrogen 
metabolism: nitrogen assimilation, uptake systems for nitrogen compounds. (C) Phosphate metabolism: 
phosphate uptake, polyphosphate storage. (D) Sulfur metabolism: sulfate uptake and assimilation. (E) 
Energy metabolism: ferrous iron oxidation, other redox reactions connected to the quinol pool, putative 
formate dehydrogenase. (F) Stress management: acid stress, heavy metals and metalloids, oxidative 
stress. (G) Predicted mobile genetic elements: predicted insertion elements, putative phage-associated 
proteins, plasmid stabilization and inheritance, other putative mobile genetic elements, VirB/D4 type IV 
secretion pathway. The predictions were performed using ISsaga (Siguier et al., 2006), TnpPred (Riadi 
et al., 2012) and Prophinder (Leplae et al., 2010; Lima-Mendez et al., 2008). 
Carbon metabolism 
The carbon dioxide fixation product 3-phosphoglycerate is predicted to be directed into 
the central carbon metabolism (Supplementary Figure 2A). Apparently, the amino acids serine, 
glycine and cysteine are formed by conversion from 3-phosphoglycerate. In the glycolysis 3-
phosphoglycerate is predicted to be converted to pyruvate and further to acetyl-CoA. While 
pyruvate could serve as precursor for the synthesis of leucine, isoleucine, valine and alanine, 
acetyl-CoA appears either to serve as precursor for fatty acid biosynthesis or to be directed 
into the citrate cycle. The intermediates of the citrate cycle oxaloacetate and α-ketoglutarate 
are precursors for the biosynthesis of the amino acids aspartate, asparagine, arginine, lysine, 
threonine, methionine, and of glutamate, glutamine, proline, respectively. The carbon fixation 
product 3-phosphoglycerate could be converted to glucose-6-phosphate (gluconeogenesis) 
which is also an intermediate of the pentose phosphate pathway. The pentose phosphate 
pathway intermediate erythrose-4-phosphate and pyruvate resulting from glycolytic reactions 
may serve as precursors for the synthesis of the aromatic amino acids phenylalanine, tyrosine 
and tryptophan. The conversions of glucose in the pentose phosphate pathway also lead to 
the production of phosphoribosyl pyrophosphate which is the general precursor for the 
synthesis of pyrimidines, purines and the amino acid histidine. Glucose-6-phosphate could 
also be converted to nucleotide-activated derivates that are predicted to serve as the 
precursors for the syntheses of peptidoglycan and lipopolysaccharides of the cell envelope 
and potentially also for the synthesis of exopolysaccharides of the EPS (see also 
Supplementary Figure 2B). The genes predicted to be involved in the pathways are listed in 
Supplementary Table 4 (p. 174). 
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Supplementary Figure 2: Central carbon metabolism in “Ferrovum” strain JA12. (A) The predicted 
pathways of the central carbon metabolism in “Ferrovum” strain JA12 involved in the production of amino 
acids, nucleic acids, fatty acids, and nucleotide-activated monosaccharides are shown. (B) The gene 
cluster (FERRO_01000 - FERRO_01150) thought to be involved in the formation of nucleotide-activated 
monosaccharides for the synthesis of exopolysaccharides encodes hypothetical proteins (hp, black), 
glycosyltransferases (gt, orange), enzymes of the nucleotide sugar metabolism that are involved in the 
formation of the putative precursors (green) and other enzymes of the nucleotide sugar metabolism 
without specified function (light blue). Apparently, the formation of the precursors GDP-mannose (GDP-
Man), dTDP-rhamnose (dTDP-Rha), UDP-glucose (UDP-Glc), UDP-galactose (UDP-Gal), UDP-
glucuronic acid (UDP-GlcA) and UDP-galacturonic acid (UDP-GalA) also involves enzymes that are not 
encoded by the gene cluster (white, see also Supplementary Table 4A, p. 174). The precursors are 
predicted to be transferred to the growing polysaccharide chain by glycosyltransferases.  
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Ferrous iron oxidation 
 
Supplementary Figure 3: Predicted transmembrane regions in cytochrome in “Ferrovum” strain 
JA12 and A. ferrooxidans ATCC 23270. Transmembrane regions were predicted in cytochromes 
potentially involved in the ferrous iron oxidation in “Ferrovum” strain JA12 and in Cyc2, Cyc1 and CycA-
1 of A. ferrooxidans ATCC 23270 using TMHMM 2.0. The plots show the probability of the amino acid 
residues of the cytochromes to belong to transmembrane helices. The inferred location of the residues 
(transmembrane, inside, outside) is indicated by the colors red, blue and purple, respectively. (A) In the 
Cyc2-like high molecular mass cytochrome (FERRO_13930) of “Ferrovum” strain JA12 a 
transmembrane helix predicted in the N-terminal region similar to Cyc2 of A. ferrooxidans (AFE_3153) 
indicates that both cytochromes are membrane bound. (B) In contrast to Cyc1 no transmembrane 
helices were predicted for c-type cytochromes (FERRO_02680, FERRO_02750) in “Ferrovum” strain 
JA12 indicating that they are all soluble cytochromes like CycA-1. 
In the genome of “Ferrovum” strain JA12 a hypothetical protein (FERRO_02670) was 
identified that contained the conserved cysteine residues of high potential iron-sulfur proteins 
(van Driessche et al., 2003). The predicted high potential iron-sulfur protein (FERRO_02670) 
shared a sequence identity of 32 % to the high potential iron-sulfur protein Hip of A. 
ferrooxidans ATCC 23270 (AFE_2732) and of 28 % to the iron oxidase Iro of A. ferrivorans 
SS3 (Acife_3266). In order to infer a potential physiological role of the predicted high potential 
iron-sulfur protein in “Ferrovum” strain JA12 a dendrogram was calculated based on the protein 
sequences of high potential iron-sulfur proteins from Acidithiobacillus spp (Supplementary 
Figure 4A). The predicted high potential iron-sulfur protein of “Ferrovum” strain JA12 
(FERRO_02670) represents the outgroup to the high potential iron-sulfur proteins from 
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Acidithiobacillus spp. Hence, it remains unclear whether the predicted high potential iron-sulfur 
protein may be involved in the iron oxidation of “Ferrovum” strain JA12. 
In order to elucidate the participation of the soluble c-type cytochromes of “Ferrovum” 
strain JA12 (FERRO_02680, FERRO_02750) either in the downhill electron transfer or the 
uphill electron transfer a dendrogram was calculated including the protein sequences of Cyc1 
and CycA-1 of Acidithiobacillus spp. and homologous cytochromes of Thiobacillus prosperus 
V6 (Supplementary Figure 4B). The c-type cytochrome encoded by FERRO_02680 forms an 
outgroup to all other cytochromes. It shares a sequence identity of 35 % to CycA-1 (AFE_3107) 
and of 32 % to Cyc1 (AFE_3152). The other c-type cytochrome of strain JA12 (FERRO_02750) 
forms a subcluster with homologous proteins of the acidophilic iron oxidizer Thiobacillus 
prosperus V6 and shares 40 % identical positions with CycA-1 and 30 % with Cyc1. Its 
apparently higher similarity to CycA-1 may indicate its potential involvement in the uphill 
electron transfer like CycA-1, though it remains only hypothetical. 
The gene clusters encoding the subunits of the cbb3-type terminal oxidase in “Ferrovum” 
strain JA12 is shown in Supplementary Figure 4C. 
Supplementary material for Chapter III 
 
- 178 - 
 
 
Supplementary Figure 4: Inferring the role of cytochromes of “Ferrovum” strain JA12 for the 
ferrous iron oxidation. (A) A dendrogram of high potential iron-sulfur proteins from Acidithiobacillus 
spp. and “Ferrovum” strain JA12 was calculated by aligning the protein sequences using ClustalW (75 
positions). The phylogeny was inferred by the Maximum Likelihood method based on the Whelan and 
Goldman model (Whelan and Goldman, 2001) using the MEGA6 (Tamura et al., 2013) (bootstrap: 1000 
replicates). The branches containing the iron oxidase Iro (Acife_3266) or Hip (AFE_2732) are indicated. 
(B) The protein sequences of soluble c-type cytochromes of “Ferrovum” strain JA12, Cyc1 and CycA-1 
of A. ferrooxidans and Thiobacillus prosperus were aligned using ClustalW (175 positions). The 
phylogeny was inferred by the Maximum Likelihood method based on the Whelan and Goldman model 
(Whelan and Goldman, 2001) using the MEGA6 (Tamura et al., 2013) (bootstrap: 1000 replicates). (C) 
“Ferrovum” strain JA12 is predicted to use the cbb3-type cytochrome c oxidase as terminal oxidase in 
the ferrous iron oxidation. The gene cluster encoding the predicted to subunit I (FERRO_02570, orange) 
and subunit II (FERRO_02560, green) of the cbb3-type cytochrome c oxidase is shown. Co-localized c-
type cytochromes (blue) could substitute the missing subunit III in the cbb3-type cytochrome c oxidase.  
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Horizontal gene transfer 
 
Supplementary Figure 5: VirB/D4 type IV secretion system in “Ferrovum” strain JA12. The loci in 
the “Ferrovum” strain JA12 genome encoding proteins of the VirB/D4 type IV secretion system were 
compared with the locus in Agrobacterium tumefaciens. (A) The virB-operon in A. tumefaciens is based 
on (Wallden et al., 2010). (B) The trb-genes in strain JA12 are homologous to the vir-genes in A. 
tumefaciens as indicated in parentheses. Genes colored in orange, grey, green or black are predicted 
to encode proteins of the VirB/D4 type IV secretion system, proteins presumably not related to the 
VirB/D4 system, mobile genetic elements (integrase, transposase) or hypothetical proteins, respectively.  
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Supplementary material for Chapter IV 
Phylogenetic analysis 
 
Assignment of protein-coding genes to the COG classification 
The predicted COG classification of the protein-coding genes of the four “Ferrovum” 
genomes is given in Supplementary Table 2, which is provided on the data DVD 
("DVD:\Supplementary_Materials\Chapter_IV\Chapter-IV_Suppl_Tab_2.xlsx"). 
Supplementary Table 2: Predicted COG classification of the protein-coding genes in the four 
“Ferrovum” genomes. (A) “Ferrovum” sp. JA12, (B) “Ferrovum” sp. PN-J185, (C) “F. myxofaciens” Z-
31, (D) “F. myxofaciens” P3G. 
 
 
Supplementary Table 1: Nucleotide accession numbers of genomes used in the comparative 
study.  
Name of the microorganism Nucleotide accession number 
“Ferrovum myxofaciens” P3G NZ_JPOQ01000000 
“Ferrovum myxofaciens” Z-31 NZ_LRRD00000000 
“Ferrovum” sp. JA12 NZ_LJWX00000000 
“Ferrovum” sp. PN-J185 NZ_LQZA00000000 
Mariprofundus ferrooxydans PV-1 NZ_AATS00000000 
Mariprofundus ferrooxydans M34 NZ_ARAU00000000 
Rhodopseudomonas palustris TIE-1  NC_011004 
Rhodomicrobium vannielii ATCC 17100  NC_014664 
Paracoccus denitrificans PD1222  NC_008686-8 
Acidiphilium cryptum JF-5  NC_009484 
Geobacter metallireducens GS-15  NC_007517 
Geobacter uraniireducens Rf4  NC_009483 
Alcanivorax borkumensis SK2  NC_008260 
Escherichia coli K12 substr. MG1655  NC_000913 
Nitrosococcus oceani ATCC 19707  NC_007484 
Acidithiobacillus caldus SM-1  NC_015850 
Acidithiobacillus ferrivorans SS3  NC_015942 
Acidithiobacillus ferrooxidans ATCC 23270  NC_011761 
Nitrosospira multiformis ATCC 25196 NC_007614 
Nitrosomonas europaea ATCC 19718 NC_004757 
Nitrosomonas eutropha C71 NC_008344 
Thiobacillus denitrificans ATCC 25259 NC_007404 
Pseudogulbenkinia strain NH8B NC_016002 
Chromobacterium violaceum ATCC 12472 NC_005085 
Burkholderia multivorans ATCC 17616 NC_010805 
Acidovorax ebreus TPSY NC_011992 
Gallionella capsiferriformans ES-2 NC_014394 
Sideroxydans lithotrophicus ES-1 NC_013959 
Azospira suillum PS NC_016616 
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Comparison of the central metabolism 
Predicted metabolic potential of the four “Ferrovum” strains 
(Detailed description of Figure 3 in the main text, see also p. 74) 
Carbon fixation and central carbon metabolism. All “Ferrovum” strains were predicted 
to fix carbon dioxide via the Calvin-Benson-Bassham cycle (CBB) using the energy derived 
from aerobic ferrous iron oxidation. With exception of the OTU-2 strain PN-J185, the other 
“Ferrovum” strains were predicted also to utilize bicarbonate as carbon source in the 
carboxysome (CBS). The carbon fixation product 3-phosphoglycerate (G3P) was predicted to 
be further metabolized either through the pentose phosphate pathway to generate 
phosphoribosyl pyrophosphate (PRPP), which is a precursor for the biosynthesis of purines 
and pyrimidines, or by the glycolysis and gluconeogenesis. The conversion of G3P by the 
glycolysis was predicted to lead to the formation of acetyl-CoA which then either serves as 
precursor for the biosynthesis of fatty acids, or is further metabolized by the tricarboxylic acid 
(TCA) cycle to precursors of the amino acid biosynthesis. All strains were predicted to harbor 
the complete enzyme repertoire of the TCA cycle. Furthermore, G3P was predicted to be 
metabolized via gluconeogenesis to glucose-6-phosphate (Glc) that may further be converted 
to nucleotide-activated monosaccharides (NDP-monosaccharides) by the amino sugar and 
nucleotide sugar metabolism. NDP-monosaccharides were predicted to serve as precursors 
for the biosynthesis of the cell envelope (inner membrane, IM; periplasm, P; outer membrane, 
OM) polysaccharides peptidoglycan, lipopolysaccharides and exopolysaccharides. 
Alternatively to the formation of biomass, organic carbon compounds may be stored either as 
glycogen in case of the “F. myxofaciens” strains or, as polyhydroxybutyrate (PHB) in case of 
the OUT-2 strains. (See also Supplementary Table 3A, p. 183)  
Nitrogen assimilation. All four strains were predicted to take up ammonium via an Amt 
family transporter and to transfer it to glutamate via a glutamine synthetase (GlnA). The “F. 
myxofaciens” strains were predicted to also fix molecular nitrogen via the nitrogenase using 
ferredoxin (fd) as electron donor for the reduction of nitrogen to ammonium. The OTU-2 strains 
appear to utilize urea, which is predicted to taken up via the urea ABC transporter (Urt) and 
hydrolyzed in the cytoplasm via the enzyme urease (Ure). The generated ammonium may be 
transferred to glutamate while OTU-2 strain JA12 potentially fixes the bicarbonate that is also 
released during urea hydrolysis, through the activity of the carbonic anhydrase and the 
RuBisCO within the carboxysome. Furthermore, the OTU-2 strain JA12 appears to utilize 
nitrate as potential nitrogen source using predicted assimilatory nitrate (NasA) and nitrite 
(NirBD) reductases. (See also Supplementary Table 3B, p. 183).  
Energy metabolism. The “Ferrovum” strains appear to oxidize ferrous in the outer 
membrane via a Cyc2-like high molecular mass cytochrome c and to transfer electrons 
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downhill to the cbb3-type cytochrome c oxidase via soluble c-type cytochromes (CytC) in the 
periplasm. The cbb3-type cytochrome c oxidase and the bo3-type quinol oxidase are 
furthermore predicted to pump protons outside the cell driven by the downhill electron transfer 
to oxygen. The natural proton gradient across the membranes is predicted to drive the ATP 
synthesis at ATP synthase (ATP synth.) and the uphill electron transfer from ferrous iron to 
NAD+ via the bc1 complex and the NADH dehydrogenase (NADH dh) in order to generate 
reduction equivalents for biosyntheses. The NADH dehydrogenase uses quinol (QH2) as 
electron donor. Apart from the bc1 complex the succinate dehydrogenase (succ. dh) may also 
channel electrons into the quinol pool. The OTU-2 strains were predicted to harbor a second 
quinol oxidoreductase of the bd-type apart from the bo3-type quinol oxidase. Furthermore, the 
OTU-2 strains were predicted to encode a formate dehydrogenase (formate dh) using an 
unknown electron acceptor/donor couple (donorred/donorox). The genomes of the “F. 
myxofaciens” strains were predicted to encode a hydrogen-evolving hydrogenase. (See also 
Supplementary Table 3C, p. 183)  
Cell mobility and chemotaxis. Apparently, the “F. myxofaciens” strains harbor the 
genes required for the formation of flagella and chemotaxis presumably enabling these strains 
to move in response to certain stimuli. These may be sensed by one of the predicted 
chemotaxis sensors (Mcp, methyl-accepting chemotaxis sensory transducer; Aer, aerotaxis 
receptor). The signal is further transduced via the predicted two-component system sensor 
histidine kinases (CheW, CheA) to the two-component system response regulator CheY. 
FliGMN presumably mediates the signal from CheY to the flagella motor (MotAB), thereby 
inducing flagella rotation. The chemotaxis proteins CheVBDR were predicted to be involved in 
the regulation feedback loop. (See also Supplementary Table 3D, p. 183).  
Acid stress management. “Ferrovum” strains have to cope with the natural proton 
gradient between the acidic environment and the assumed circum neutral pH in the cytoplasm. 
In order to prevent the uncontrolled influx of protons the OTU-2 strains were predicted to 
increase the hydrophobicity of their cellular membranes by incorporation of cyclopropane fatty 
acyl phospholipids using the cyclopropane fatty acyl phospholipid synthase (Cfa). All 
“Ferrovum” strains were furthermore predicted to inhibit the uncontrolled proton influx by 
maintaining a reversed (inside positive) membrane potential presumably accomplished by the 
increased uptake of potassium ions via Kef-type potassium transporter (Kef). The “F. 
myxofaciens” were predicted to additionally harbor genes encoding a predicted potassium 
import ATPase (Kdp). Proton pumping activity of respiratory complexes driven by the downhill 
electron transfer may be involved in coping with an increase of the intracellular proton 
concentration. Apparently, the “F. myxofaciens” additionally use sodium/proton antiporters 
(NhaD) to extrude excess protons. An alternative strategy could be the buffering of the 
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intracellular pH by the decarboxylation of arginine (Adi), aspartate (PanD) and phosphatidyl 
serine (Psd), and the synthesis of polyamines which is presumed to be employed by all 
“Ferrovum” strains. The OTU-2 strains may additionally benefit from the buffering capacity of 
ammonia derived from the urea hydrolysis. (See also Supplementary Table 3E, p. 183)  
Coping with high metal concentrations. All “Ferrovum” strains were predicted to use 
cation/multidrug transporters of the RND family to cope with the high metal ion concentrations 
consisting of a predicted RND pump (RND), two membrane fusion proteins (MFP) and an outer 
membrane protein (Omp). However, they appear to use specific copper efflux systems. While 
“F. myxofaciens” strains were predicted to export copper ions via the Cus system consisting 
of a pump (CusA), the channel-forming membrane fusion proteins (CusB), the outer membrane 
protein (CusC) and the small periplasmic protein CusF, the OTU-2 strains may instead use the 
predicted copper-exporting ATPase CopA. (See also Supplementary Table 3E, p. 183)  
Oxidative stress management. All “Ferrovum” strains seem to use a superoxide 
dismutase (Sod) to convert superoxide radicals to hydrogen peroxides. The “F. myxofaciens” 
strains were predicted to use rubrerythrin to detoxify the generated hydrogen peroxide while 
the OTU-2 strains were predicted to use thiol peroxidases (thiol perox.) or ferritins. All 
“Ferrovum” strains may use the thioredoxin (TrxA)/ thioredoxin reductase (TrxB)-dependent 
system to repair oxidative damaged proteins. TrxB was thereby predicted to restore the original 
redox state to the oxidized thioredoxin (TrxA’). Additionally, the predicted thiol:disulfide 
interchange proteins DsbA and DsbD could serve a similar purpose for proteins in the 
periplasm. A methionine sulfoxide reductase (MrsAB) for the repair of oxidatively damaged 
methionine residues was only predicted in the “F. myxofaciens” strains. The redox state of 
oxidatively damaged lipids may be restored in all strains by the peroxiredoxin (AhpC)/alkyl 
hydroxide peroxidase (AhpF)-dependent system. All four strains were predicted to harbor a 
similar repertoire of genes involved in DNA repair including base and nucleotide excision repair 
and the mismatch repair. (See also Supplementary Table 3E, p. 183) 
Genes predicted to be involved in the central metabolism, energy metabolism, cell 
motility and stress management in the four “Ferrovum” strains 
The gene loci relevant for the metabolic model shown in Figure 3 are summarized in 
Supplementary Table 3, which is provided on the data DVD 
("DVD:\Supplementary_Materials\Chapter_IV\Chapter-IV_Suppl_Tab_3.xlsx"). 
Supplementary Table 3: Genes predicted to be involved in the central metabolism, energy 
metabolism and cell mobility in the four "Ferrovum" strains. (A) Central carbon metabolism, (B) 
Nitrogen, phosphate and sulfate metabolism, (C) Energy metabolism, (D) Cell motility and chemotaxis, 
(E) Stress management strategies. 
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Predicted mobile genetic elements in the genomes of the four “Ferrovum” strains 
Mobile genetic elements were predicted as described within the methods section (p. 67), 
and are summarized in Supplementary Table 4, which is provided on the data DVD 
("DVD:\Supplementary_Materials\Chapter_IV\Chapter-IV_Suppl_Tab_4.xlsx"). 
Supplementary Table 4: Predicted COG classification of the protein-coding genes in the four 
“Ferrovum” genomes. (A) “Ferrovum” sp. JA12, (B) “Ferrovum” sp. PN-J185, (C) “F. myxofaciens” Z-
31, (D) “F. myxofaciens” P3G. 
 
The flagella and chemotaxis gene cluster 
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Supplementary Figure 1: Whole genome comparison of the four “Ferrovum” genomes 
conducted and visualized using Mauve (Darling et al., 2010). (A) The collinear blocks corresponding 
with the flagella gene cluster are highlighted in this whole genome comparison of the “F. myxofaciens” 
strains P3G and Z-31. (B) The collinear blocks corresponding to the upstream and downstream region 
of the flagella gene cluster are indicated in the whole genome comparison of all four “Ferrovum” strains. 
In the OTU-2 genomes (JA12, PN-J185) these blocks are smaller due to the absence of the flagella 
genes. (C) The putative up- and downstream regions of the flagella gene cluster are shown enlarged. 
The location of genes predicted to encode the glutamine-fructose-6-phosphate transaminase (putative 
upstream flanking site) and the L-threonine-ammonia-ligase (putative downstream flanking site) is 
indicated by black boxes in the collinear blocks in the four genomes. 
The urease gene cluster 
 
Supplementary Figure 2: Synteny of the urease gene cluster in the OTU-2 strains JA12 and PN-
J185. The genome comparison by tblastx (DoubleACT) was visualized using ACT (Carver et al., 2005) 
with the sequence of OTU-2 strain PN-J185 being flipped to facilitate analysis. The predicted gene 
function and the nucleotide sequence identities of matches are indicated by the intensity of the blue 
color (the higher the color intensity the higher the sequence intentity). Blue color represents reverse 
matches which are matches to the opposite strand in the other genome. The match of the ureC-gene 
encoding the largest subunit of the urease is highlighted in yellow. 
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The carboxysome gene cluster 
 
Supplementary Figure 3: Carboxysome gene cluster in the “F. myxofaciens” strains and OTU-2 
strain JA12. (A) The synteny of the gene cluster in OTU-2 strain JA12 and in “F. myxofaciens” Z-31 
was determined by whole genome comparison using tblastx (DoubleACT) and visualized using ACT 
(Carver et al., 2005). Predicted gene functions, nucleotide sequence identity of these genes and G+C 
content of the genome region are shown. (B) The whole genome comparison of all genomes using 
Mauve indicated the location of the carboxysome gene cluster on two collinear blocks (blue and purple). 
In the genome of OTU-2 strain PN-J185 only a little fragment of the purple collinear block is left while 
the major part of this block and the complete blue block are absent suggesting that the gene cluster was 
lost during evolution. 
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Flanking sites of the putative genomic islands 1 and 2 
 
Supplementary Figure 5: Flanking sites of the predicted genomic islands 1 and 2 in OTU-strain 
JA12. The flanking sites in genomic island 1 (A) and 2 (B) were assigned to regions characterized by 
abrupt changes of G+C content. The visualization and manual inspection to detect for the presence of 
direct repeats (left flanking site, attL; right flanking site, attR; blue) was conducted using Artemis 
(Rutherford et al., 2000). 
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Supplementary material for Chapter V 
Organization and operation of the Labfors 5 multiple bioreactor system 
Cells for the transcriptome study were grown in the Labors 5 multiple bioreactor system 
(Infors HT Bottmingen, Switzerland) prior to total RNA extraction. The organization and 
operation of the bioreactors was adjusted to the requirements for the cultivation of mixed 
culture JA12 (Supplementary Figure 1). 
The lid of each reactor is composed of a polyether ketone (PEEK) and harbors several 
differently sized bore holes to install sensors and other tools (Supplementary Figure 1A). All 
tools used inside the reactor are either made of glass or covered with PEEK. The reactor 
consists of a double-walled glass body with a maximum volume of 2 l. The space between the 
two glass walls is filled with water, which circulates through the mantle and the water reservoir. 
The mantle water temperature is adjusted in the water reservoir and regulated automatically 
via the central controller (Supplementary Figure 1B). Each reactor is provided with precision 
pumps controllable by the central console. Bore holes not used during the operation are closed 
with stainless steel plugs. 
The temperature is measured via a thermometer installed in the reactor lid and 
positioned inside a PEEK-covered metal tube. The temperature regulation and the stirrer are 
regulated by the controller console. Sterile filtered inflowing air provides oxygen for the 
microbial metabolism. Aeration is realized using a small compressor connected to all reactors 
which presses sterile filtered (pore diameter < 0.2 µm) air from the outside into the reactor 
through a sparger. The sparger is installed below the stirrer allowing the distribution of the 
small air bubbles inside the culture volume. Baffles at the reactor walls also contribute to mixing 
and aeration by crating turbulences. The outflowing air is cooled and also sterile filtered.  
Prior to the start of the cultivation the reactor is filled and inoculated via inflow-1 
(Supplementary Figure 1A, B), which represents a glass tube inside the reactor with a rubber 
tube at the top connected to an outside peristaltic pump. The same construction is used to 
empty the bioreactor for the cell harvest. A redox electrode (Mettler Toledo, Pt4805-DPAS-SC-
K8S) is installed to measure the redox potential online as indicator for the ratio of dissolved 
ferrous and ferric iron species during the cultivation. The application of a pH electrode to 
determine the pH value online proved unsuitable in several trial experiments. Thus, pH 
regulation via an installed pH electrode was not applicable. Instead a feed flow is installed. As 
feed solution fresh cultivation medium (APPW, 20 mM FeSO4, pH 3.1) is used provided in the 
feed bottle. The feed inflow is driven by one of the small precision pumps calibrated prior to 
use. The feed inflow enters the reactor via one of the dosing slots (Supplementary Figure 1A). 
The total cultivation volume of 1 l is kept constant using a second precision pump connected 
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to a second glass tube (outflow-2) inside the reactor, which is adjusted exactly to the fill level 
of the culture volume. The second pump is programmed to pump constantly with the 
discharged culture volume collected in a waste bottle. The outflow-2 installation is also used 
to take samples from the culture.  
Prior to starting the run, the bioreactors are sterilized by autoclaving (20 min, 2 bar, 121 
°C). Due to corrosive effects of the cultivation medium the bioreactors are sterilized empty 
except for 20 ml of deionized water and the redox electrode, the glass tubes of inflow-1 and 
outflow-2, the two precision pumps and the outflowing air cooler installed to the reactor lid. 
Three bioreactors controlled by a central console were used to cultivate cells in three 
independent runs (Supplementary Figure 1C). 
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Supplementary Figure 1: Organization and operation of the Labfors 5 multiple bioreactor system. 
For description see text. 
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Investigation of the microbial composition in the iron oxidizing mixed culture JA12 
Terminal restriction fragment polymorphism (TRFLP) analysis was conducted as 
described previously (Tischler et al., 2013). Harvested cells were lysed chemically after 
resuspension in lysis buffer (0.25 % (w/v) sodium dodecyl sulfate, 50 mM NaOH) and 
incubation at 95 °C for 10 min (Okibe et al., 2003). Lysates were diluted by addition of 180 µl 
of deionized water prior to PCR amplification. Fragments of the 16S rRNA gene were amplified 
by PCR using a Cy5-labelled 27f primer (5’-AGAGTTTGATCCTGGCTCAG-3’; Lane, 1991) 
and the 1387r primer (5’-CGGAACATGTGWGGCGGG-3’; Marchesi et al., 1998) conducting 
30 amplification cycles. The PCR products were purified by precipitation using the SureClean 
Plus kit (Bioline, Luckenwalde, Germany). The purified PCR products were digested in three 
separate reactions with 1 U of each restriction endonuclease (AluI, HhaI, HaeIII; Fermentas) 
by incubation at 37 °C for 16 h. The fragments of the digestion reactions were analyzed by 
capillary gel electrophoresis using the CEQ8000 genetic analysis system (Beckman Coulter). 
Taxonomic assignment of terminal restriction fragments (TRF) was limited to the genus level. 
TRFs of “Ferrovum” spp. and Acidiphilium spp. were identified using the in-house TRF 
database (Heinzel et al., 2009a, extended). The TRFLP procedure does not allow absolute 
quantification since a traditional end-point PCR was used during the amplification step and due 
to different 16S rRNA gene copy numbers (“Ferrovum” sp. JA12: presumably 2 copies, Ullrich 
et al., 2016; Acidiphilium sp. JA12-A1: 3 copies, Ullrich et al., 2015). Relative abundances were 
estimated from the ratios of peak areas of the genus-specific TRFs and the total peak area 
(Supplementary Table 1).  
Supplementary Table 1: Relative abundances of “Ferrovum” spp. and Acidiphilium spp. in the 
harvested cells inferred from TRFLP analysis. Cy5-labelled 16S rRNA gene fragments were 
digested in three separate reactions by the restriction endonucleases AluI, HhaI and HaeIII. The 
fragment pattern was analyzed using capillary gel electrophoresis. Peaks in the electropherogram 
were assigned either to “Ferrovum” spp. or Acidiphilium spp. In the restriction pattern of some 
reactions other peaks were detected, which could not be assigned. Relative abundances were 
estimated from the ratios of peak areas and the total peak area. Samples in which no peaks were 
detectable above the background are indicated by “-“. Condition means the concentration of FeSO4 
used for the stress induction.  
  Relative abundance (%) 
  “Ferrovum” spp. Acidiphilium spp. Others 
Experiment Condition AluI HhaI HaeIII AluI HhaI HaeIII AluI HhaI HaeIII 
1 
5 mM 23.8 13.8 - 76.2 79.1 - - 7.1 - 
20 mM  14.7 8.6 10.2 85.3 51.4 89.8 - 40.0 - 
50 mM  26.6 20.7 21.4 66.8 60.5 76.1 6.7 2.6 18.8 
2 
5 mM - - - - - - - - - 
20 mM  35.2 24.1 24.2 64.9 75.9 75.9 6.5   
50 mM  34.9 - 23.4 55.9 - 48.9 16.8 26.8 - 
3 
5 mM 44.8 - 38.4 50.3 - 61.6 4.9 - - 
20 mM  - 86.8 85.0 - 13.2 15.0 - - - 
50 mM  33.5 - 66.5 37.1 - 67.6 29.5 - - 
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Expression strength of protein-coding genes 
The NPKM values of all gene loci in the genome of “Ferrovum” sp. JA12 are given in 
Supplementary Table 3 provided on the data dvd 
("DVD:\Supplementary_Materials\Chapter_V\Chapter-V_Suppl_Tab_3.xlsx"). 
Supplementary Table 3: NPKM values of gene loci in “Ferrovum” sp. JA12. The gene loci are 
indicated by locus tags. The annotation and functional category is given for each locus. Only the total 
RNA extracts of the conditions 5 mM and 20 mM FeSO4 from the experiments 1 and 3 and in case of 
condition 50 mM only from experiment 1 were suitable for RNA-Seq. Thus no data for experiment 2 was 
available for analysis. COG classes are: S, function unknown; R, general function prediction only; Q, 
secondary metabolite biosynthesis, transport and metabolism; P, inorganic iron transport and 
metabolism; I, lipid transport and metabolism; H, coenzyme transport and metabolism; F, nucleotide 
transport and metabolism; E, amino acid transport and metabolism; G, carbohydrate transport and 
metabolism; C, energy production and conversion; O, posttranslational modification, protein turnover, 
chaperones; U, intracellular trafficking, secretion, and vesicular transport; N, cell motility; M, cell 
wall/membrane/envelope biogenesis; T, signal transduction mechanisms, V, defense mechanisms; D, 
cell cycle control, cell division, chromosome partitioning; B, chromatin structure and dynamics; L, 
replication, recombination and repair; K, transcription; A, RNA processing and modification; J, 
translation, ribosomal structure and biogenesis. X indicates predicted mobile genetic element including 
transposases and phage-associated genes and n.a. represents all genes not assigned to any COG 
class. 
 
The determined gene expression strengths of the functional categories are summarized in 
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Supplementary Figure 2: Expression levels of the carboxysome gene cluster. (A) NPKM values 
indicate expression levels of the gene loci of the carboxysome gene cluster which is shown in (B). For 
the conditions 5 mM (red) and 20 mM FeSO4 (blue) the NPKM values of the experiments 1 and 3 and 
the median of both are given. Minimum and maximum values among both replicates are indicated by 
error bars. In case of the condition 50 mM (green) only NPKM values of experiment 1 are given. For 
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Supplementary Figure 3: Expression levels of the ribosomal proteins-encoding gene cluster. (A) 
The genes and their orientation are shown with NPKM values indicating the expression level of the gene 
loci (B). For conditions 5 mM (red) and 20 mM FeSO4 (blue) the median of the NPKM values of the 
experiments 1 and 3 is given. Minimum and maximum values among both experiments are indicated by 
error bars. For the condition 50 mM (green) only NPKM values of experiment 1 are given. The gene 
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Supplementary Figure 4: Expression strength of a gene cluster presumably involved in ferrous 
iron oxidation. (A) NPKM values indicate expression strength of a gene cluster putatively involved in 
ferrous iron oxidation which is shown in (B). For conditions 5 mM (red) and 20 mM FeSO4 (blue) the 
median of the NPKM values of the experiments 1 and 3 is given. Minimum and maximum values among 
both experiments are indicated by error bars. For the condition 50 mM (green) only NPKM values of 
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Supplementary Table 8: Best blastp hits of the hypothetical proteins within the iron oxidation 
gene cluster. The hypothetical proteins were blasted against the non-redundant protein database of 
the NCBI. Hits with a minimum E-value of e-20 and/or at least 50 % sequence identity to the query 
sequence are shown together with their accession number and organism name. 
 
  Best Blastp hits 
Locus tag Annotation 




“Ferrovum” sp. PN-J185: FV185_13200, 8e-50, 86 % 
“Ferrovum myxofaciens” Z-31: FEMY_09350, 5e-43, 73 % 
“Ferrovum myxofaciens” P3G: WP_031597856, 2e-38, 73 % 
Burkholderiales bacterium GJ-E10: WP_045469539, 1e-32, 61 % 
Sideroxydans lithotrophicus: WP_013030773, 4e-21, 57 % 




“Ferrovum” sp. PN-J185: FV185_13210, 3e-42, 82 % 
“Ferrovum myxofaciens” Z-31: FEMY_09360, 2e-20, 63 % 
“F. myxofaciens” P3G: WP_035417611, 5e-19, 61 % 
S. lithotrophicus: WP_013030774, 6e-16, 56 % 
M. ferrooxydans PV-1: WP_009851764, 8e-14, 50 % 




“Ferrovum” sp. PN-J185: FV185_13220, 8e-22, 90 % 




“Ferrovum” sp. PN-J185: FV185_13230, 1e-129, 89 % 
“Ferrovum myxofaciens” Z-31: FEMY_09380, 1e-93, 71 % 
“F. myxofaciens” P3G: WP_031597854, 1e-100, 71 % 
S. lithotrophicus: WP_013030776, 1e-71, 57 % 
Burkholderiales bacterium GJ-E10: WP_045469511, 8e-70, 54 % 








“Ferrovum” sp. PN-J185: FV185_13270, 7e-51, 97 % 
“Ferrovum myxofaciens” Z-31: FEMY_09420, 1e-37, 72 %  
“F. myxofaciens” P3G: WP_051862488, 1e-32, 71 % 
S. lithotrophicus: WP_013030779, 6e-25, 55 % 




“Ferrovum” sp. PN-J185: FV185_13280, 0.0, 87 % 
“Ferrovum myxofaciens” Z-31: FEMY_09430, 6e-121, 62 %  
“F. myxofaciens” P3G: WP_031597849, 5e-143, 62 % 
Leptothrix ochracea: WP_009453225, 1e-139, 63 % 
S. lithotrophicus: WP_013028785, 5e-98, 44 % 
Gallionella capsiferriformans: WP_013292441, 5e-97, 45 % 
Burkholderiales bacterium GJ-E10: WP_052472559, 2e-91, 45 % 
M. ferrooxydans PV-1: WP_009851081, 9e-61, 39 % 
 
FERRO_02620 protein of 
unknown 
function 
“Ferrovum” sp. PN-J185: FV185_13300, 1e-106, 92 % 
“Ferrovum myxofaciens” Z-31: FEMY_09450, 3e-86, 69 % 
“F. myxofaciens” P3G: WP_031597846, 2e-81, 69 % 
L. ochracea: WP_009453223, 9e-75, 61 % 
S. lithotrophicus: WP_013028783, 6e-62, 56 % 
G. capsiferriformans: WP_013292439, 5e-57, 53 % 
Burkholderiales bacterium GJ-E10: WP_045469482, 8e-37, 40 % 




“Ferrovum” sp. PN-J185: FV185_13350, 1e-57, 89 % 
“Ferrovum myxofaciens” Z-31: FEMY_09500, 2e-39, 65 % 
“F. myxofaciens” P3G: WP_031597841, 2e-34, 64 % 
Thiobacillus thioparus: WP_018508791, 5e-21, 48 % 
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Lowest expressed genes 
The NPKM values of the 200 lowest expressed genes of “Ferrovum” sp. JA12 are given 
in Supplementary Table 9 provided on the data dvd 
("DVD:\Supplementary_Materials\Chapter_V\Chapter-V_Suppl_Tab_9.xlsx"). 
Supplementary Table 9: NPKM values of the 200 lowest expressed gene loci in “Ferrovum” sp. 
JA12. NPKM values are shown for all genes together with their annotation and assigned functional 
categories. 
Genes that are not expressed are summarized in Supplementary Table 10 provided on 
the data dvd ("DVD:\Supplementary_Materials\Chapter_V\Chapter-V_Suppl_Tab_10.xlsx"). 
Supplementary Table 10: Genes not expressed in “Ferrovum” sp. JA12. NPKM values, 
annotations and functional categories are summarized for genes that were found not to be expressed 
under any condition. The location of genes on one of the three predicted genomic islands is indicated 
by colored shades (GI-1, yellow; GI-2, green; GI-3, blue). Genes predicted to be alien genes are 
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